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Despite advances in monitoring spatiotemporal expression patterns of genes and pro-
teins with fluorescent probes, direct detection of metabolites and small molecules remains
challenging. Here we present an integrated circuit-based electrochemical camera chip capa-
ble of simultaneous spatial imaging of multiple redox-active metabolites, called phenazines,
produced by Pseudomonas aeruginosa PA14 colony biofilms. Imaging of mutants with var-
ious capacities for phenazine production reveals local patterns of phenazine distribution in
the biofilms. Such integrated-circuit-based techniques promise wide applicability in detect-
ing redox-active species from diverse biological samples.
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Metabolism is the set of chemical transformations in cells that sustain life. Metabolism
is often split into anabolism and catabolism. Anabolism encompasses constructive reac-
tions in which energy is used to build larger molecules from smaller molecules. Building
proteins from individual amino acids and carbohydrates from individual monosaccharides
are examples of anabolic processes. Catabolism encompasses destructive reactions in which
energy is released by breaking larger molecules into smaller molecules. For example, during
cellular respiration, ingested glucose is broken down into smaller organic components to
release energy. The energy released by catabolism can then be used for anabolic processes
that keep the cell alive. The intermediates and products of metabolic reactions are called
metabolites.
A subset of metabolic reactions are oxidation-reduction (redox) reactions. Redox
reactions involve transfer of electrons from one chemical species to another. The process
of losing an electron is called oxidation and the processes of gaining a reaction is called
reduction. Cellular respiration is an example of a redox process, as ultimately glucose is
oxidized and oxygen is reduced, thus releasing energy.
Redox reactions can also be harmful. For example, normal metabolism produces
molecules called reactive oxygen species, such as superoxide and hydrogen peroxide, that
can damage proteins, lipids, and DNA through oxidation. Thus, metabolism also pro-
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duces antioxidants, which keep these reactive oxygen species under control. In general, an
organism must control its oxidizing and reducing cellular processes and ensure redox home-
ostatsis. Redox homeostasis has been implicated in development of cancer, Alzheimer’s
disease, Parkinson’s disease, and heart failure, to name a few.
Though redox reactions and redox-active metabolites are fundamental to life, directly
studying metabolites is challenging with typical optical microscopy methods in biology. One
option is to use fluorescent reporters to study gene expression, but this is not equivalent to
imaging the actual metabolites that are products of gene expression. Fluorescent labeling
of metabolites suffers from poor sensitivity and specificity. Thus, new techniques are being
developed to directly detect small molecules. As examples, direct detection can focus on
detecting small molecules’ charge or redox properties.
The capabilities of such bioelectronic sensors can be significantly improved by tak-
ing advantage of complementary metal-oxide-semiconductor (CMOS) technology. CMOS
technology encompasses methods for fabricating extremely small electronic devices in sin-
gle substrates, called integrated circuits (IC’s). These electronic chips are now ubiquitous
in computers, smartphones, cameras, servers, etc. By exploiting CMOS technology, it is
possible to create very small sensors in small areas which can directly image metabolites in
small-scale biological samples.
This thesis draws on integrated circuit technology to image redox-active metabolites
in microbial biofilms. Bacteria can serve as simpler model systems for probing how redox





This thesis focuses on an integrated circuit-based platform for electrochemical imaging of
metabolites in biofilms. This work draws on multiple scientific and engineering disciplines.
Section 2.1 provides background for the science of electrochemistry and how various exper-
imental methods can be used to qualitatively and quantitatively analyze chemical systems.
Section 2.2 provides brief background for microbiology. Section 2.3 provides backgrond
for the particular bacterial strain, Pseudomonas aeruginosa, studied in this thesis, as well
as background for the particular metabolites, phenazines, that are studied. Section 2.4
summarizes various methods for detecting phenazines. Section 2.5 introduced integrated
circuits for electrochemical imaging. Section 2.6 presents the goals of this thesis.
2.1 Background for electrochemistry
This thesis uses electrochemistry to study chemical systems. Electrochemistry is concerned
with movement of charge between electronic conductors, called electrodes, and ionic con-
ductors, called electrolytes. When an electric potential difference is applied between an elec-
trode and an electrolyte, it is possible for charge to transfer across the electrode/electrolyte
interface, and that charge transfer can be measured as a current. For example, if an electrode
is driven to a more negative potential relative to that of the electrolyte, the relative energy
of electrons in the electrode is raised. If they reach a sufficiently high energy state, these
4
electrons can transfer to more favorable energy states on ionic species in the electrolyte.
This transfer of electrons from electrode to electrolyte is manifest as a flow of current called
a reduction current. Similarly, if an electrode is driven to a more positive potential relative
to that of the electrolyte, the relative energy of electrons in the electrode is lowered. If they
reach a sufficiently low energy state, electrons on ionic species in the electrolyte can transfer
to more favorable energy states on the electrode. This transfer of electrons from electrolyte
to electrode is manifest as a flow of current called an oxidation current (Figure 2.1). The
relationship between applied potential and measured current can lend much insight into the



































Figure 2.1: Conceptual representation of electrochemical (a) reduction and (b) oxidation.
Adapted from [1].
2.1.1 Electrodes and potentiostat operation
In electrochemical experiments, the electrode at which the reactions of interest occur is
called the working electrode (WE). In order to apply a potential difference between the
WE and the electrolyte, a second electrode must make contact with the electrolyte. Such
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an electrode is called a reference electrode (RE). Ideally, a RE should be characterized by
nonpolarizability, meaning the potential difference between itself and the electrolyte does
not change when current passes through the electrode/electrolyte interface. Thus, if the
potential difference between the WE and RE is changed from its equilibrium value, that
change must occur at the WE/electrolyte interface only. The potential difference between
a RE and an electrolyte can never be measured, and thus in electrochemical experiments,
potential differences are always described with respect to the specific RE used. This means
that the reported WE vs. RE potential difference differs from the actual WE vs. electrolyte
potential difference by an unknown value representing the RE vs. electrolyte potential
difference.
Electrochemical experiments are often performed with a third electrode, called a
counter electrode (CE). A three-electrode configuration minimizes current flowing through
the RE, instead passing current between the CE and WE. This helps maintain the RE at
its equilibrium potential, and also minimzes the effects of solution resistance. As depicted
in Figure 2.2(a), to operate a three-electrode configuration, a voltage V is applied between
the WE and CE while the voltage between the WE and RE is monitored with a high input
impedance voltmeter. The high input impedance voltmeter ensures that little current flows
through the RE. The WE-CE voltage V is modulated until the WE-RE voltage becomes
the desired value, Vin. Then, the corresponding current I flowing into/out of the WE is
measured.
For practical instrumentation, the three electrodes are connected in a feedback con-
figuration called a potentiostat, as shown in Figure 2.2(b). The WE is maintained at
ground, the RE is connected to the negative terminal of an operational amplifier (op amp),
the desired WE-RE voltage Vin is applied with opposite polarity at the positive terminal
of the op amp, and the CE is connected to the output of the op amp. Assuming the op
amp features high gain, the WE vs. RE voltage will equal Vin and little current will flow
through the RE. A current-measuring circuit, such as a transimpedance amplifier, can be
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Figure 2.2: (a) Conceptual representation of a three-electrode potentiostat configuration
(b) Practical implementation of a three-electrode potentiostat configuration.
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2.1.2 Nernst Equation
Consider an electrochemical cell in which the following redox reaction occurs:
O + ne ⇀↽ R, (2.1)
where O and R are the oxidized and reduced form of the redox species, respectively, and n is
the number of electrons oxidized or reduced per molecule. Then, the equilibrium potential
E at the working electrode is given by the Nernst equation:







where E0 is the standard potential, or the equilibrum potential when the reactants are at
standard states, R is the molar gas constant, F is Faraday’s constant, and CO and CR are
the concentrations of O and R, respectively.
Moving the working electrode potential away from its equilibrium value can allow
current to flow.
2.1.3 Faradaic and nonfaradaic processes
In addition to reactions in which electrons cross the electrode/electrolyte interface, called
faradaiac processes, currents can also occur in processes not due to charge transfer. For
example, when a potential difference is applied between an electrode and electrolyte, charge
accumulates (and current flows, at least transiently) on both sides of the interface in a similar
manner to the behavior of a capacitor. Such processes are called nonfaradaic processes.
2.1.4 Potential step methods
Consider a solution of an electroactive species where the reaction in Equation 2.1 takes
place. Assume the solution initially contains only O and the electrode potential begins
at a value E1 where no appreciable reactions occur. Then, consider a step in electrode
potential to E2 (Figure 2.3(a)), a potential sufficiently negative to ensure that reduction of
O proceeds very rapidly and no O can coexist with the electrode. Thus, the concentration
8
of O at the electrode surface drops to zero. A large current will initially flow to faciliate
this reduction. Henceforth, the magnitude of current will depend solely on how fast O can
be brought by mass transfer to the electrode surface.
Immediately following the potential step, a steep concentration gradient is estab-
lished from the bulk solution concentration, C∗O, to zero at the electrode surface, and thus
the rate of mass transfer will be high and a large current will flow. As more O diffuses
to the electrode, the concentration gradient of O from the bulk solution to electrode sur-
face becomes less steep, and current decreases (called the depletion effect). The evolution
of the concentration gradient and resulting change in current are shown in Figures 2.3(b)
and 2.3(c).









where A is the working electrode area. Stepping the electrode potential to a potential E
that is not sufficiently extreme to cause the surface concentration of O to drop to zero can









where ξ = (DO/DR)




In a sampled-current voltammetry experiment, the electrode potential is stepped to
multiple values in separate experiments (Figure 2.4(a)). Figure 2.4(b) shows the resulting
current responses to each potential step. The current can be sampled at a time τ for each
response and plotted as a function of the potential step value to produce a sampled-current
voltammogram (Figure 2.4(c)).
The sampled-current voltammery characteristic in Figure 2.4(c) is given by Equa-
tion 2.4, with t fixed at the sampling time τ and potential E varied. The maximum current
value is id(τ), attained when E − E0 in Equation 2.4 becomes very negative, resulting in


















Figure 2.3: Potential step experiment (a) Input potential vs. time signal for a potential
step experiment (b) Concentration vs. distance response to a potential step at various times
following the step. The electrode is at x = 0. C∗O represents the bulk concentration of O.




























Figure 2.4: Sampled-current voltammetry (a) Input potential vs. time signal for a sampled-
current voltammetry experiment. (b) Current vs. time responses to various potential steps
in (a). (c) Sampled current vs. potential voltammogram. Current samples taken from the
potential steps in (a) are highlighted with dots. Adapted from [1].
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where DO and DR are the diffusion coefficients of O and R, respectively. E1/2 is typically
a very close approximation of E0, as the ratio of the diffusion constants in Equation 2.5 is
almost always near unity.
According to Equation 2.3, the current following a potential step should always
decline to zero. However, it should be noted that in stirred solutions, the current response
to a potential step may involve a non-zero steady-state current being reached. Similarly,
steady-state currents may be reached in experiments with ultramicroelectrodes. As will be
discussed in Section 2.5, studies employing small working electrodes often use amperometry,
in which a constant electrode-electrolyte potential is maintained and steady-state currents,
taken to be proportional to analyte concentration, are measured. It should also be noted
that experiments such as amperometry, in which a constant electrode-electrolyte potential
is maintained, will likely be unable to simultaneously detect multiple analytes with different
redox potentials.
2.1.5 Potential sweep methods
Rather than performing a series of potential steps to characterize a system’s electrochemical
behavior, as in done in sampled-current voltammetry, potential can be swept in a single
experiment. Consider a potential sweep experiment in which potential is linearly swept
in the negative direction. Figure 2.5 graphically depicts in black all the sampled-current
voltammograms as a function of sampling time. In effect, a potential sweep experiment
traverses the sampled-current voltammetry space, as depicted in blue. The peaked response
from a potential sweep experiment can be understood as follows. Initially, at electrode
potentials far positive of E0, no reactions occur and no current flows. In the vicinity of E0,
reduction of O at the electrode surface occurs, and current begins to flow. As the potential is
swept further, the surface concentration of O further decreases, the concentration gradient
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of O becomes steeper, diffusion of O to the electrode surface becomes more rapid, and
current increases. At a certain point beyond E0, the concentration of O at the electrode
surface drops to zero, and mass transfer of O reaches a maximum rate. Beyond this point,
the concentration gradient of O becomes progressively less steep, the rate of mass transfer
decreases, and current decreases as well. There is a thus a potential at which the current
reaches a peak value. Figures 2.6(a) and 2.6(b) summarize the input potential waveform











Figure 2.5: Sampled-current voltammograms (current vs. potential curves, in black) plotted
in three dimensions as a function of sampling time. The potentials and currents traversed
during a potential sweep, representing a potential sweep voltammogram, are highlighted in
blue. Adapted from [1].










where v is the sweep rate of the input potential. ip can be used to quantify the reodx-active
species in solution, as it is proportional to concentration. However, it should be noted that
in potential sweep experiments, all measured currents have a faradaic current component
superimposed on a nonfaradaic current component. Hence, in order to measure faradaic
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peak currents for diagnostic purposes, it is necessary to subtract off the nonfaradaic current
components from the total response, which often cannot be accomplished with certainty.
The peak potential EP at which the peak current is reached, is given by












Figure 2.6: Potential sweep experiment (a) Input potential vs. time signal for a potential
sweep experiment. (b) Current vs. potential response to a potential sweep. Adapted
from [1].
Ep can be used as a means of identifying an redox-active species in solution, as it is
close to the species’ standard potential E0. Simultaneous detection of multiple analytes with
different redox species is possible with potential sweep methods, as each redox-active species
will contribute a current peak near its standard potential in the measured voltammogram.
In cyclic voltammetry (CV), the potential is swept in one direction and then reversed
and swept back in the opposite direction (Figure 2.7(a)). The reverse current response is
14








Figure 2.7: Cyclic voltammetry (a) Input potential vs. time signal for a cyclic voltammetry
experiment. (b) Current vs. potential response to a cyclic potential sweep. Adapted
from [1].
2.1.6 Square wave voltammetry
In square wave voltammetry (SWV), the input potential signal is a staircase signal super-
imposed on a linear ramp. As shown in Figure 2.8, parameters of the input signal include
pulse height ∆Ep, pulse width tp, and pulse shift ∆Es. Current samples are taken at the
end of each pulse. Forward current samples are taken at the end of a pulse in the direction
of the ramp, while reverse current samples are taken at the end of a pulse in the opposite
direction of the ramp. To produce a square wave voltammogram, reverse current samples
are subtracted from forward current samples and plotted versus potential.
The current response in a SWV experiment (Figure 2.9) will now be discussed.










Figure 2.8: Square wave voltammetry input potential vs. time signal, with parameters of
interest marked with arrows. Adapted from [1].
processes are not occurring. In the vicinity of E0, reaction rate becomes a strong function of
voltage. A forward pulse significantly speeds up the rate of reduction, while a reverse pulse
causes oxidation, resulting in two large current samples in opposite directions. Difference
current samples in this region are thus large. Far in the negative direction of E0, the
reaction rate is mass-transfer-limited, and hence the staircase pulses no longer affect current
significantly, and both forward and reverse samples are similar. Thus, the difference current
begins at around zero current, rises to a peak, and then decreases to zero current again
(Figure 2.10).
SWV has similar diagnostic value as CV. The peak potential on a square wave












where ∆ψp is a constant dependent on n, ∆Ep, and ∆Es.
A significant advantage of SWV is suppression of background currents. Nonfaradaic
currents can be suppressed if current samples are taken after nonfaradaic current transients
have settled. Similarly, if faradaic background currents do not change significantly from
sample to sample, subtraction of forward and reverse currents can suppress faradaic back-




Figure 2.9: Square wave voltammetry current vs. time response, with sampled current





Figure 2.10: Square wave voltammogram, displaying sampled current vs. potential.
Adapted from [1].
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measurement of faradaic currents than CV. Like potential sweep methods, SWV is capable
of simultaneously detecting multiple redox-active species with different redox potentials.
2.2 Background for microbiology
This thesis focuses on studying metabolites produced by bacteria. This section provides
brief background on the two types of modes in which bacteria exist: planktonic cultures and
biofilms. While this thesis primarily focuses on studying metabolites produced by biofilms,
planktonic cultures are encountered in this thesis as well.
2.2.1 Planktonic cultures
Bacterial cells can be cultured in liquid growth media, called the planktonic mode of exis-
tence. Growth of planktonic cultures is split into four phases:
1. Lag phase, in which bacteria adapt and mature but do not divide
2. Exponential phase, in which bacterial cells double
3. Stationary phase, in which growth is limited due to depleted nutrients, such that
growth rate and death rate are equal
4. Death phase, in which envrionmental conditions cause the cells to die.
2.2.2 Biofilms
In addition to the planktonic mode of existence, bacteria can also grow attached to solid,
wet surfaces as biofilms, defined as structured communities of bacterial cells enclosed in self-
produced polymeric matrices and adherent to inert or living surfaces [2]. Biofilms exhibit
spatial heterogeneity in environmental conditions and cellular physiologies, as opposed to
planktonic cultures in which all cells and environmental conditions are statistically similar.
Biofilms typically contain concentration gradients of metabolic substrates and products,
such as oxygen, the concentration of which can decline to zero within a few hundred mi-
crons of the biofilm surface due to cell respiration [3]. In general, the concentration of any
solute within a biofilm will be a function of production, consumption, and diffusion. Cell
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physiologies can also vary within a biofilm. For example, spatial patterns of cell growth rate
and mode of respiration (aerobic vs. anaerobic) may depend on spatial patterns of availabil-
ity of nutrients and oxygen. Spatial patterns in environmental conditions may also result
in spatial patterns in cell gene expression. Additionally, biofilms exhibit complex structural
heterogeneity, with wrinkling being a common feature in biofilms of phylogenetically diverse
species [4].
Biofilms are inherently much less susceptible to antimicrobial agents than planktonic
bacteria, a property attributed to mulitple mechanisms. The extracellular matrix in biofilms
may neutralize antimicrobial agents [5] or retard their diffusion, preventing them from fully
penetrating biofilms [2]. Additionally, due to physiological heterogeneity of biofilms, some
cells may exist in slow-growing or starved states and may therefore not be susceptible to
antimicrobial agents, which typically attack microbial processes [2,5]. As will be discussed in
Section 2.3.2, the the resistance of biofilms to treatment with antimicrobial agents becomes
critical in cases of infection.
2.3 Pseudomonas aeruginosa and phenazines
This thesis focuses on biofilms of the bacterial strain Pseudomonas aeruginosa. P. aerugi-
nosa is Gram-negative, aerobic, and an opportunistic pathogen. This thesis will particularly
focus on a class of metabolites produced by P. aeruginosa called phenazines, discussed in
Section 2.3.1, and their effects on biofilm morphology. Section 2.3.2 discusses P. aeruginosa’s
importance in human infection, particularly in cases of cystic fibrosis. Sections 2.3.3-2.3.6
provide background for the various roles attributed to phenazines.
2.3.1 Phenazines
Phenazines are heterocyclic compounds whose core structure can be modified with different
functional groups, giving rise to a variety of phenazine variants with different chemical prop-
erties, including redox potential [6,7] (Figure 2.11). P. aeruginosa produces at least four dif-
ferent phenazines during stationary phase: phenazine-1-carboxylic acid (PCA), phenazine-1-
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carboxamide (PCN), pyocyanin (PYO), and 5-methylphenazine-1-carboxylic acid (5-MCA)
(Figure 2.12) [8]. PCA is produced from chorismate by the phenazine biosynthetic enzymes
PhzA-G. PCA, in turn, is converted to PCN in a reaction catalysed by the enzyme PhzH.
PCA is also methylated by the enzyme PhzM to produce 5-MCA, which can be further
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Figure 2.12: Phenazine biosynthetic pathway in P. aeruginosa.
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2.3.2 Pseudomonas aeruginosa and infection
P. aeruginosa is the sixth-most significant cause of health care-associated infections, ac-
counting for 7.1% of all cases. In particular, it is responsible for 12.7% of pneumonia cases,
6.4% of surgical-site infections, 1.2% of gastrointestinal infections, 10.8% of urinary tract
infections, and 4.0% of bloodstream infections [10]. P. aeruginosa is particularly important
in cystic fibrosis (CF). CF is a hereditary disease characterized by viscous secretions and
impaired mucociliary clearance in airways [11]. Pulmonary infection is the most signifi-
cant cause of morbidity and mortality in patients with CF, and Pseudomonas aeruginosa
is the most frequently occurring infection in patients with CF [11]. P. aeruginosa infec-
tions in patients with CF cannot be eradicated [12]. It is hypothesized that this resistance
is due to the fact that P. aeruginosa infects CF lungs in the form of antibotic-resistant
biofilms [13]. Phenazines are detected in high concentrations in sputum of patients with
CF [14]. Phenazines are hypothesized to be important in pathogenesis of lung infection by
creating reactive oxygen species that insult the host’s redox balance, leading to release of
sputum which promotes growth of P. aeruginosa [6].
2.3.3 Phenazines as signaling molecules
Dietrich et al. [15] analyzed the effect on gene epxression of adding PYO to P. aeruginosa
PA14 cultures. They found upregulation of gene expression related to transport and redox
control and downregulation of gene expression related to iron acquisition. The fact that P.
aeruginosa PA14 is known to secrete PYO, and the fact that PYO affects gene expression,
indicates PYO’s role as a signaling molecule.
2.3.4 Phenazines and iron acquisition
Wang et al. [16] studied the effects of phenazines on iron acquisition. Iron acquisition from
the environment is critical for biofilm development and typically requires conversion of
insoluble Fe[III] to soluble and thus biovailable Fe[II]. In bacteria, this reaction is known to
be facilitated by molecules called siderophores that are secreted by biofilms, but phenazines
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have also been shown to facilitate this reaction [7]. Wang et al. found that biofilms of
P. aeruginosa mutant strains unable to produce siderophores did not grow well in iron-
supplemented flow cells. However, it was found that adding PCA to iron-supplemented
growth media rescued biofilms, allowing them to grow well. Adding PCA without iron was
insufficient to rescue biofilms. These findings indicate that phenazines are able to promote
iron acquisition independent of siderophore-based iron acquisition pathways and thereby
promote biofilm growth. It is likely that both siderophore- and phenazine-mediated iron
acquisition are important for P. aeruginosa biofilm growth, with the different pathways
becoming relatively more and less important at different stages in biofilm development.
2.3.5 Phenazines and redox homeostasis
Heterotrophic organisms oxidize carbon sources to promote anabolism. In respiratory path-
ways, external oxidants such as oxygen or nitrate serve as terminal electron acceptors, and
this transfer of electrons out of cells permits maintenance of healthy intracellular redox
state. PYO has been shown to increase oxygen consumption in P. aeruginosa cell sus-
pensions, indicating that PYO can act as an electron acceptor for respiration [17]. In
particular, phenazines are believed to act as electron shuttles, which are reduced intracel-
lularly, secreted, oxidized by external oxidants, and then taken back up by cells for further
reduction [18].
Price-Whelan et al. [19] found that PYO is able to control redox homeostasis in
its role as electron acceptor. During oxidation of carbon sources, electrons are transferred
to the molecule NAD+, which is reduced to NADH and ultimately becomes reoxidized to
NAD+ by external oxidants. The NADH/NAD+ ratio is thus considered representative of
intracellular redox state. NADH/NAD+ ratio was measured in P. aeruginosa PA14 wild-
type (WT) and phenazine-null (∆phz) cultures 4 hours after the onset of stationary phase.
NADH/NAD+ ratio in WT cultures was half that in ∆phz cultures, while ∆phz cultures
supplemented with PYO had NADH/NAD+ ratio similar to that of WT cultures. These
findings indicate that phenazines are able to reduce NADH and prevent its buildup, thus
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maintaining redox homeostatis. The fact that PYO is produced during stationary phase,
when oxygen becomes limited in cultures, indicates that PYO may play a particularly
important role in redox balancing when other electron acceptors such as oxygen are not
available.
Wang et al. [20] tested the ability of phenazines to maintain cell survival during com-
plete oxygen unavailability. P. aerugionsa PA14 cells of the ∆phz strain were anaerobically
suspended in media containing glucose (as an electron donor) and phenazines. An electrode
was poised at a potential capable of oxidizing phenazines following their reduction by cells.
Sampling the suspended cells and measuring cell count over time revealed that cells were
able to survive at the original cell count for seven days. In contrast, in the absence of supple-
mented phenazine, in the absence of an electrode potential, or in the absence of both, CFU
dropped to 0.1%-1% of its original value by day 7. Thus, the supplemented phenazines and
oxidizing electrode were sufficient for survival of the cells in anaerobic conditions. Higher
oxidation currents of were found in the supplemented phenazine condition compared with
currents found in the condition without supplemented phenazine, indicating that electron
shuttling was in fact occurring and promoting the observed cell survival.
2.3.6 Phenazines and biofilm morphology
It has been found that phenazines drastically affect development of P. aeruginosa PA14
biofilms [21–23]. Biofilms of WT P. aeruginosa PA14 grown on an agar plate initially form
smooth colonies that wrinkle after 4 days of incubation and reach a maximimum area of
2.5 cm2. Biofilms of the ∆phz strain begin to wrinkle after two days of incubation and
ultimately flatten and reach a maximum area of 3.5 cm2 (Figure 2.13).
Dietrich et al. [23] performed several experiments demonstrating that electron accep-
tor availability affects biofilm morphology. For example, ambient oxygen concentration was
found to modulate biofilm thickness, biofilm spreading, and wrinkle thickness. These adap-
tive responses appear aimed at maximizing access to electron acceptors. Because oxygen





Figure 2.13: Phenazines affect morphogenesis of P. aeruginosa PA14 colony biofilms [21,23].
Phenazine producing strain=BigBlue; phenazine-null strain=∆phz (see Table 3.1). Colony
biofilms are imaged after 3 days of development. Scale bar, 1cm.
zones. Larger area biofilms maximize surface area and exposure to environment oxidants.
With regards to wrinkling, the slope of oxygen depletion in biofilm wrinkles was found to
be lower in thicker wrinkles compared with thinner wrinkles and biofilm bases. All these
responses are attenuated in WT biofilms compared with ∆phz strains due to the availability
of phenazines as an alternate electron acceptor. These morphological responses to electron
acceptor availability have also been modeled mathematically [24].
Dietrich et al. also established links between biofilm morphology and redox home-
ostasis. It was found that while NADH/NAD+ ratio remained relatively constant in WT
biofilms, the ratio increased in ∆phz biofilms until it reached a peak at a time point co-
inciding with induction of wrinkling, dropping off afterwards. Thus, it appears that when
electron acceptor limitation causes a critical intracellular redox state to be reached, biofilms
react by wrinkling to reestablish redox homeostasis. Further confirmation was found with a
mutant variant of the ∆phz strain in which a gene associated with wrinkling was deleted. In
biofilms of this strain, the increase in NADH/NAD+ ratio over time found in ∆phz biofilms
did not drop off as it did in ∆phz biofilms.
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2.3.7 Motivation
Multicellularity has evolved in every kingdom of life, and the benefits of multicellarity, such
as resistance of biofilms to antimicrobial agents, are well known [25]. Less well understood
are the mechanisms whereby individual cells in a multicellular entity can act together as
a community - for example, how a P. aeruginosa biofilm coordinates its wrinkling. The
drastic effects of phenazines on biofilm morphology could serve as a model for studying
the chemical basis for community behavior. Though the effect of phenazine production on
redox homeostasis and biofilm morphology has been studied, crucially missing is a study
in which phenazines are directly detected within biofilms and related to morphological fea-
tures. The spatial heterogeneity of physiological conditions within biofilms and the evident
spatial patterns in biofilm structure demands a method in which phenazines can be directly
imaged and quanitified in a spatially-resolved manner. The presence of multiple variants
of phenazines also demands a method which can distinguish among the different phenazine
variants. Section 2.4 reviews methods for phenazine detection and imaging.
2.4 Previous Work: Phenazine Detection
This section will review various methods for detecting phenazines. Focus will be placed
on whether these methods can directly detect phenazines, whether they can be applied
to imaging (meaning, whether they can detect phenazines in a spatially-resolved manner),
whether they can be applied to biofilms without significant sample treatment, whether they
can detect multiple phenazine variants, and whether they can quantify the concentrations
of measured phenazines.
2.4.1 Gene expression techniques
Distribution of metabolites in multicellular structures can be inferred from fluorescent re-
porters of gene expression. Recinos et al. [26] fused green fluorescent protein to operons in
the P. aeruginosa genome controlling phenazine production. By imaging fluorescent signals
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from biofilms of this mutant strain, Recinos et al. found that one of the operons was prefer-
entially expressed in biofilms, as well as finding that higher gene expression occured towards
the edges of biofilms. However, gene expression reporters cannot provide information about
gene products. In the case of phenazine synthesis, measuring phenazine gene expression
is not equivalent to directly measuring phenazines, but is rather a leading indicator of ac-
tual phenazine production. Additionally, phenazine gene expression cannot provide specific
information about the various types of phenazines produced.
2.4.2 Fluorescence and light absorption techniques
Sullivan et al. [27] demonstrated detection of phenazines in planktonic cultures using two-
photon excitation microscopy and phenazines’ fluorescent properties. This method suffers
from weak fluorescence of phenazines, non-fluorescence of the oxidized forms of PYO and
PCA and reduced form of 5-MCA, and the overlapping emission spectra of multiple fluo-
rophores (including phenazines and non-phenazines, such as NADP(H)) in bacterial sam-
ples. Due to the latter phenomenon, it is necessary to use maximum likelihood estimation,
often with 10-15% rms fitting error, to decompose total fluorescence signals into component
signals from each fluorescent species. Additionally, Sullivan et al. only demonstrated this
method in anaerobic conditions.
Kern and Sullivan [28] provided a protocol for separating phenazines in mixtures and
quantifying their concentrations using high-performance liquid chromotography (HPLC)
and ultraviolet absoprtion properties of phenazines. This method requires liquid samples,
and thus is applicable to planktonic cultures or to phenazines extracted into liquid from
biofilms, but is not applicable to direct measurement of phenazines within biofilms.
2.4.3 Mass spectrometry techniques
It has been demonstrated that phenazines can be detected and differentiated with mass
spectrometry [29]. Imaging mass spectrometry (IMS), which involves performing mass
spectrometry in a spatially-resolved manner, has been applied to imaging applications in
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colony biofilms with resolutions ranging from 0.03 to 1000 µm [30]. For example, Moree et
al. [31] imaged PYO, PCA, and PCN in interacting biofilms of P. aeruginosa and Aspergillus
fumigatus with resolution of 400-600 um using matrix-assisted laser desorption/ionization
(MALDI)-IMS. A drawback of MALDI-IMS is the extensive sample treatment, including
coating of samples with organic matrix and drying for at least five hours. IMS generally re-
quires instrumentation weighing more than 500kg and costing between $150,000-$2,500,000,
though one less expensive IMS technique ($5,000-$15,000) that does not require sample
treatment is nanospray desorption electrospray ionization (nanoDESI), which contacts sam-
ples through nanoliter-sized liquid droplets that are then pulled to a mass spectrometer for
analysis [30]. Quantifying the species sensed is currently not possible with most IMS tech-
niques [30].
2.4.4 Electrochemical techniques
Electrochemical detection of phenazines from liquid cultures of P. aeruginosa has been
well established using various methods, including adsorptive stripping voltammetry [32],
differential pulse voltammetry [33, 34], and SWV [35–37]. Phenazines from P. aeruginosa
have also been detected electrochemically in biofilms with electrodes embedded in agar
plates, but without spatial resolution [38]. Scanning electrochemical microscopy (SECM)
employs a scanning working electrode to measure electrochemical currents as a function
of position. Koley et al. [39] used SECM for spatially-resolved detection of PYO in P.
aeruginosa biofilms. A PYO solution was added above the biofilm, and the scanning elec-
trode was poised at an oxidizing potential for PYO using an experimental method similar
to amperometry. Measured currents were due to reduction of PYO by the biofilm followed
by oxidation by the electrode. Similar experiments have been performed with SECM on
3D-printed P. aeruginosa aggregates [40]. Due to the constant potential at the working elec-
trode, SECM is not able to simultaneously detect species with different redox potentials, in
contrast to potential sweep methods. SECM cannot be effectively combined with potential
sweep methods because the length of a single potential sweep experiment (on the order of
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seconds) and the presence of only one measurement probe would require prohibitively long
analysis times for imaging applications.
2.5 Integrated circuit-based electrochemical imagers
An alternative to electrochemical imaging with a single scanning working electrode, as is
done in SECM (see Section 2.4.4), is to integrate a dense array of working electrodes in
a single electronic chip. As shown in Figure 2.14, a sample is placed above the working
electrode array, and the electrochemical activity measured at each electrode position within
the array can form a spatially-resolved image of electrochemical activity within the sample.
0 μM 80 μM
IC Biofilm
Figure 2.14: Conceptual representation of imaging a sample with an integrated circuit (IC)
featuring a working electrode array. On the left, the sample, in this case a biofilm, is shown
in green, while the IC is shown in gray and the working electrodes are shown in yellow.
On the right is a representation of an image produced by the IC. The concentration of a
redox-active species measured by each electrode is represented by a gray intensity, with the
concentrations corresponding to intensity values shown by the scale bar below.
The benefit of such a system is that the working electrodes can be multiplexed to
multiple output channels operating in parallel, thus allowing for multiple measurements to
be taken simultaneously. This in turn boosts frame rate and allows for the use of methods
with longer experiment times, such as SWV, for imaging applications. A few general-
use integrated circuit-based electrochemical sensors used as imagers have been reported,
though none have utilized voltammetric methods or been used to study biofilms. Inoue et
al. [41] reported an integrated circuit featuring a 20 x 20 array of working electrodes, with
each electrode connected to a switched-capacitor current-to-voltage converter. The chip
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featured one output channel per column on the electrode array, and made use of an external
potentiostat to control an electrochemical cell operating in a three-electrode configuration,
which included the on-chip working electrodes and external counter and reference electrodes.
Using amperometry, the chip was applied to imaging of hydrogen peroxide, glucose, and,
in a different study, alkaline phosphate expressed by embryonic bodies [42]. Kim et al. [43]
reported an integrated circuit featuring a 10 x 10 array of working electrodes, with each
electrode connected to a switched-capacitor current-to-voltage converter. The chip featured
one output channel per column, and electrochemical cells were operated in two-electrode
configuration with the on-chip working electrodes and an external reference electrode. Using
amperometry, the chip was applied to imaging of dopamine. Rothe et al. [44] reported an
integrated circuit featuring a 32 x 32 array of working electrodes, 32 parallel current-mode
analog-to-digital converters and output channels, an integrated potentiostat, and integrated
counter and reference electrodes. Using amperometry, this chip was applied to imaging of
hydrogen peroxide and glucose.
2.6 Thesis proposal
This thesis aims to develop a platform for spatially-resolved, in vivo imaging of multi-
ple phenazine compounds in P. aeruginosa biofilms. Due to the high electroactivity of
phenazines, electrochemical techniques are the most natural choice for detection. In partic-
ular, SWV offers the ability to detect multiple redox-active species with different standard
potentials, the ability to accurately quantify concentration, and suppression of background
currents. Because a single SWV experiment can last on the order of seconds, imaging mul-
tiple locations in a biofilm with a single scanning probe will lead to unreasoanbly long frame
rates. Instead, to facilitate imaging at a reasonable frame rate, a platform featuring a high
density sensor array mulitplexed to parallel output channels is required. Such a system can
only be realized in an integrated circuit (IC). Thus, this thesis will describe the design and
use of an IC featuring a dense array of electrochemical sensors for SWV-based imaging of
phenazines in biofilms. It should be noted that with this platform, biofilms are placed above
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the electrochemical sensors and require no manipulation, in contrast to techniques such as
MS and SECM. Additionally, in contrast to MS and SECM techniques which operate at
biofilm surfaces, the measurement platform discussed in this thesis detects phenazines from
below. It is expected that phenazines may have more important roles deep within biofilms,
where oxygen is unavailable and biofilms may rely on phenazines to serve as alternative





This chapter describes experiments for characterizing phenazines’ electrochemical proper-
ties. As discussed in Section 2.1.6, square wave voltammetry (SWV) is an electrochemical
method capable of providing information about the redox potentials and concentrations of
electroactive species in solution. The result of a SWV experiment is a square wave voltam-
mogram, which plots measured current against applied voltage. An electrochemically active
species in solution will contribute a current peak to the voltammogram. The voltage at
which this peak occurs is approximately equal to the redox potential of the species, and
hence can be thought of as the species’ “signature.” The magnitude of the current peak
is proportional to the species’ concentration. In this study, the electrochemical properties
of various phenazines are characterized by measuring the voltage at which each phenazine
contributes a current peak to square wave voltammograms, and measuring the mangitude
of current peaks at a series of different concentrations. Focus is placed on characterizing
phenazines’ electrochemical properties in in vivo, physiological conditions for biofilms. Ex-
periments are performed both with a commercial potentiostat and an integrated circuit
(IC).
Section 3.1 describes the Pseudomonas aeruginosa PA14 mutants used for charac-
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terizing the electrochemical properties of four phenazines. Section 3.2 describes preliminary
SWV experiments performed with a commercial potentiostat on phenazines extraced into
buffer from agar on which colonies grew. Section 3.3 describes on-chip SWV experiments
performed on phenazines directly secreted by colonies. Section 3.4 describes on-chip con-
firmational experiments performed on synthetic phenazines. Finally, Section 3.6 discusses
the effects of SWV input signal frequency on resulting square wave voltammograms.
Chapters 3 and 4 make use of an integrated circuit designed by Peter Levine [45] for
electrochemical characterization experiments and proof-of-concept biofilm imaging experi-
ments. Briefly, the integrated circuits is a 5×5 mm2 chip fabricated in a 0.25-µm CMOS
process. The IC features an integrated control amplifier at the core of a potentiostat capa-
ble of establishing on-chip electrochemical cells with an array of 60 100×100-µm2 thin film
gold working electrodes that can be multiplexed to a transimpedance amplifier and a single
output channel. In this thesis, this chip is referred to as EIC-1 (Electrochemical Imaging
Chip 1) (Figure 3.1).
3.1 Pseudonomas aeruginosa PA14 mutants
Wild-type (WT) colonies of P. aeruginosa PA14 produce a complex mixture of at least
four phenazines: phenazine-1-carboxylic acid (PCA), phenazine-1-carboxamide (PCN), py-
ocyanin (PYO) and 5-methylphenazine-1-carboxylic acid (5-MCA) [8]. Using WT colonies
to determine the electrochemical signature of each phenazine is difficult, as four different cur-
rent peaks could potentially appear in square wave voltammograms performed on phenazine
secretions obtained from WT colonies. Therefore, in addition to analyzing WT colonies,
colonies of mutant strains were analyzed. Each mutant strain lacks specific phenazine
biosynthetic enzymes and, therefore, only produces a subset of the phenazines discussed
above. This permits analysis of colony secretions containing simpler mixtures of phenazines.

















Figure 3.1: (a) Block diagram of EIC-1. (b) Optical micrograph of EIC-1, with the working
electrode array highlighted. Scale bar, 1 mm.
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P. aeruginosa strains Strain number Phenazines produced Reference
UCBPP-PA14 (WT) PCA, PCN, 5-MCA, PYO [46]
PA14 ∆phz LD29 None [15]
PA14 ∆phzH LD757 PCA, 5-MCA, PYO this study
PA14 ∆phzHS LD851 PCA, 5-MCA this study
PA14 ∆phzMS LD951 PCN, PCA this study
∆phzHM LD758 PCA this study
BigBlue (DKN 370) LD64 PCA, PCN 5-MCA, PYO [21]
WT PphzA2GFP
(PA14 with PphzA2-GFP insert) LD879 PCA, PCN, 5-MCA, PYO [26]
Table 3.1: P. aeruginosa strains used in this thesis
Plasmids Description Reference
pSEK-PphzA2GFP Reporter plasmid with phzA2 promoter regulating gfp [26]
pLD338 Contains fragments cloned into pMQ30 for deletion of phzM [26]
pLD294 Contains fragments cloned into pMQ30 for deletion of phzS [26]
pLD741 Contains fragments cloned into pMQ30 for deletion of phzH [26]
Table 3.2: Plasmids used to construct the P. aeruginosa strains in this study
3.2 Electrochemical analysis of endogenous phenazines in agar
extracts with commercial potentiostat
Before analyzing phenazines with the IC, phenazines were analyzed with a commercial po-
tentiostat operating in a standard three-electrode configuration. Directly detecting phenazines
secreted from colonies was not possible with this setup. Instead, phenazines were extracted
into buffer from agar on which P. aeruginosa PA14 colonies grew.
3.2.1 Preparation of agar extracts
Liquid cultures were grown in lysogeny broth [47] at 37 ◦C with shaking at 250 rpm.
overnight. Four 100 µl droplets of cell suspension were spotted onto agar plates containing
40 ml of 1% agar, 1% tryptone and grown for 1 day. Phenazines were extracted from
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the agar by scraping off the colonies with a razor blade and soaking the agar in 3 ml of
phosphate-buffered saline overnight. The extract was then collected and stored at 4 ◦C.
3.2.2 HPLC-based separation and quantification of phenazines
Confirmation of the presence of phenazines in filtered (0.2 µm pore) agar extract was ob-
tained with high-performance liquid chromotography (HPLC). 50 µl of each sample were
loaded onto an analytical Waters Symmetry C-18 reverse phase column (Waters; 5 µm par-
ticle size, 4.6 × 150 mm2). The phenazines were separated using a gradient of water-0.01%
TFA (solvent A) to acetonitrile-0.01% TFA (solvent B) at a flow rate of 0.6 ml min−1 using
the following protocol: linear gradient from 0 to 15% solvent B for 2 min, linear gradient
to 83% solvent B for 20 min, linear gradient from 83 to 100% solvent B for 10 min and
finally, a linear gradient to 0% solvent B for 5 min. The total method time was 38 min. The
retention times for PYO, PCN and PCA were 10 min, 17 min and 20 min, respectively. The
concentration of each phenazine species was determined by taking the area under each peak
using System Gold 32 Karat Software (Beckman Coulter) with the following conversion
factors: 8 × 106 µM AU−1 for PYO and 9.5 × 106 µM AU−1 for PCN and PCA. 5-MCA
was not analyzed as it cannot be detected using HPLC. The concentration of phenazines
found in agar extract from each colony is shown in Figure 3.2.
3.2.3 Results from commercial potentiostat-based analysis of phenazines
agar extracts
Agar extracts were then subjected to SWV electrochemical analysis with a commercial
potentiostat (CH Instruments, CHI760D) in a standard three-macroelectrode configuration
consisting of a 1.6-mm-diameter gold working electrode, a platinum counter electrode and
a Ag/AgCl reference electrode (BASI). The SWV input signal consisted of a staircase ramp
between −0.8 and 0.2 V in both directions, with 10 mV increments, 50 mV stair amplitude
and 10 Hz frequency. SWV was performed with inputs proceeding from negative to positive





































Figure 3.2: Average concentration, quantified spectrophotometrically, of high-performance
liquid chromatography (HPLC)-separated phenazines extracted from agar on which colonies
of various P. aeruginosa PA14 strains grew for 1 day. The average is taken from three
samples, with error bars representing the standard deviation among the three samples.
to negative voltages (“positive-to-negative SWV”) on agar extracts from mutant colonies.
Results are shown in Figure 3.3.
There are no peaks in square wave voltammograms from the ∆phz mutant, which
differs from the WT strain only in its lack of phenazines. This finding indicates that all
peaks in square wave voltammograms from phenazine-producing mutants must be due to
phenazines and not due to other redox-active metabolites.
Square wave voltammograms of extracts from mutant strains that differ in the pro-
duction of only one phenazine were then compared. The appearance of a new current peak
allowed for determinination of the electrochemical signature of the differing phenazine. The
following SWV signatures for each phenazine were found: for PCA, −400 mV peak versus
Ag/AgCl on positive-to-negative SWV and -300 mV peak on negative-to-positive SWV;
for PYO, −250 mV peak on positive-to-negative SWV and −330 mV peak on negative-
to-positive SWV; for PCN, −500 mV peak on positive-to-negative SWV and −330 mV
peak on negative-to-positive SWV; and for 5-MCA, −70 mV peak on positive-to-negative
SWV and −140 mV peak on negative-to-positive SWV. It should be noted that 5-MCA is
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Figure 3.3: Commercial potentiostat-generated square wave voltammograms of extracts
from agar on which colonies of P. aeruginosa PA14 (wild type, WT) and various PA14
mutants grew for 1 day.
predicted to be highly reactive [48] and therefore one cannot exclude the possibility that a
5-MCA derivative is present [49]. Indeed, the two peaks may indicate the presence of two
compounds. For simplicity, the compounds responsible for peaks in this voltage range are
referred to as “5-MCA.”
The observed asymmetry between positive-to-negative and negative-to-positive voltam-
mograms is not affected significantly by frequency (see Figure 3.11). Other studies have
observed similar deviations from ideal Nernstian conditions at pH greater than 8 [7]. Per-
forming both positive-to-negative and negative-to-positive SWV is not usually necessary.
For distinguishing one phenazine in the presence of others, positive-to-negative SWV is
used, because the peaks do not overlap as they do in negative-to-positive SWV. For analyz-
ing solutions containing just one phenazine, it may be preferable to use negative-to-positive
SWV, in which peaks are more pronounced.
37
3.3 Electrochemical analysis of phenazines secreted by colonies
with integrated circuit
After characterizing phenazines with standard instrumentation, phenazines were studied
with the IC. Rather than extracting phenazines from agar into a solution as was done
above for the commercial potentiostat experiments, it is possible to place WT and mutant
colony biofilms onto the IC and directly analyze the secreted phenazines.
3.3.1 On-chip colony biofilm experimental method
Rather than placing the IC in direct contact with the top of the colony, which would
disturb the colony morphology, phenazines were accessed from the bottom of the colony
by interposing between the colony and the IC a layer of agar through which phenazines
diffuses and were detected. This agar layer needed to be thin (approximately 1 mm), as this
thickness directly determines the spatial resolution achievable by the array. As bacterial
colonies do not produce pronounced structures when grown on agar layers that are this
thin, P. aeruginosa PA14 colonies were grown on track-etched membranes positioned on
top of 5 mm-thick agar layers. These membranes have a pore size of 0.4 µm, which allows
passage of nutrients and phenazines and does not interfere with colony development. For
each colony measurement, the chip was covered with an agar layer (1% agar, 1% tryptone)
approximately 1 mm thick and a piece of track-etched membrane with a biofilm growing
on top was transferred onto the agar layer. Colonies were grown in a similar manner as
described in Section 3.2.1.
On-chip electrochemical cells consisted of an on-chip gold working electrode, an
external platinum counter electrode, and an external chlorinated silver wire serving as a
quasireference electrode (QRE) in a three-electrode potentiostat configuration. The external
counter and quasireference electrode were embedded in the agar layer. The SWV excitation
signal consisted of a staircase ramp with 6 mV increments, 25 mV staircase amplitude, and
50 Hz frequency. After 3 min of a colony sitting on the IC, square wave voltammograms
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were measured at single electrodes in the ICs electrode array. In on-chip SWV experiments,
the six current values at the end of each voltage step were averaged together (rather than
just using the final current value) to reduce noise. For quantification of peak heights, peak
current was measured from a baseline, which was taken to be the square wave voltammogram
measured on pure agar at the same applied voltage.
3.3.2 Results from on-chip analysis of phenazines secreted by colonies
Phenazine signatures from these experiments (Figure 3.4) match the results of Figure 3.3.

































Figure 3.4: Integrated circuit (IC)-generated square wave voltammograms of phenazines
secreted into agar by various P. aeruginosa PA14 mutant colonies placed onto the IC.
Voltammograms from multiple measurements are averaged and the results shifted vertically
to a common baseline to facilitate comparison.
The peak current value for a SWV peak is linearly related to the concentration of
the redox species contributing to that peak [1]. For the case of PYO, 20 negative-to-positive
square wave voltammograms were measured at various concentrations. To calculate signal
level at a given concentration, the peak current value on a single square wave voltammogram
was measured, and to calculate noise level, the standard deviation of the peak currents on
all 20 square wave voltammograms was measured. An example of 20 square wave voltam-
mograms for PYO at 21 µM is shown in Figure 3.5(a). Figure 3.5(b) shows the signal and
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noise levels for PYO in agar titrated down to 2.6 µM. At 2.6 µM, the signal-to-noise ratio
(SNR) is approximately 5.5. The noise level is largely determined by flicker noise from the
IC amplifiers and thermal noise from the feedback resistor network (see Section 3.5).
3.4 Electrochemical analysis of synthetic phenazines with in-
tegrated circuit
As an additional experiment for confirming the electrochemical “signatures” found in Sec-
tions 3.2 and 3.3, synthetic phenazines injected into agar extract from the ∆phz mutant,
which lacks all phenazines, were analyzed. (Due to the unavailability of purified or synthetic
5-MCA, this analysis was not performed for 5-MCA.) Synthetic PYO (Cayman Chemical)
and PCA (Princeton Biomolecular Research) were diluted to 10 µM and 300 µM, respec-
tively, in agar extract from ∆phz colonies.
3.4.1 Procedure for purification of PCN
Purified PCN was obtained using the following procedure. Four 100 µl colonies were spotted
on 11 1% agar, 1% tryptone plates. 700 µl was spread onto 12 additional 1% agar, 1%
tryptone plates using glass beads. The cultures were grown at 25 degrees Celsius and
greather than 95% humidity for 5 days. The colonies were scraped from the agar using a
razor blade, and the agar was added to a 2 l flask. Phenazines were extracted by soaking the
agar in 400 ml of PBS, pH 7.4 overnight (light-protected and at room temperature). The
extract was centrifuged at 4500 rpm for 5 min. The supernatant was extracted using an
equal volume of chloroform, and the organic phase was recovered and rotovapped to dryness.
400 µl of methanol was added to the dried extract, and this solution was filtered through
a 0.22 µm-filter. 200 µl of this solution was loaded onto a preparative Waters Sun Fire
C-18 reverse column (Waters; 5 µm particle size, 19 × 100 mm column). The phenazines
were separated using water with 0.01% TFA (solvent A) and acetonitrile with 0.01% TFA
(solvent B) at a flow rate of 1.0 ml min−1 using the following protocol: linear gradient 0
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Figure 3.5: (a) An example set of baseline-subtracted, negative-to-positive square wave
voltammograms at 21 µM, used for the signal and noise characterization. A single square
wave voltammogram is shown in blue, whereas 19 others are shown in red (b) Results from
on-chip square wave voltammetry (SWV) of multiple concentrations of PYO solutions in
agar. Signal level represents the peak current from one square wave voltammogram. Signal
levels are shown after subtraction of the y axis intercept of a linear fit to measured signal
levels, which represents the current at 0 µM. Noise level represents the standard deviation
in peak currents from 20 averaged square wave voltammograms.
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to 15% solvent B for 2 min, linear gradient 15 to 83% solvent B for 20 min, linear gradient
from 83 to 100% solvent B for 15 min, 100% solvent B for 15 min and finally, linear gradient
from 100 to 0% solvent B for 2 min. The entire method time was 58.5 min. The retention
time of PCN was 37.8 min. Twenty fractions were collected in 1 min increments. The
OD366 of each fraction was measured to identify samples containing PCN. This sample was
rotovapped to dryness and dried for 15 min using a vacuum. The powder was resuspended
in 2 ml of ∆phz agar extract giving a final PCN concentration of 3 mM.
3.4.2 Results from on-chip analysis of synthetic phenazines
The on-chip square wave voltammograms (Figure 3.6) confirm the electrochemical signa-
tures determined for endogenous phenazines (Figures 3.3 and 3.4).
































Figure 3.6: IC-generated square wave voltammograms of extract from agar on which ∆phz
colonies grew for 1 day, with added synthetic/purified phenazines. Voltammograms from
multiple measurements are averaged.
3.5 Noise Analysis
A circuit model for the measurement system including noise sources considered in this
analysis is shown in Figure 3.7. Vn,rs represents noise due to solution resistance Rs. In,rf
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represents noise due to the feedback resistor Rf in the transimpedance amplifier. Since
the Rf = 10 MΩ option is physically constructed from a network of smaller resistances, its
noise is 19 times larger than if Rf had been constructed from a single 10 MΩ resistor. Vn,ca
represents noise due to the control amplifier. Vn,ota represents noise due to the operational
transconductance amplifier (OTA) in the transimpedance amplifier. Two types of noise from









Figure 3.7: Circuit model of the measurement system including noise sources.
The equivalent input noise density due to these sources can be computed with the
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where k is Boltzmanns constant, T is the temperature, Sn,rf is the thermal noise one-sided
power spectral density (PSD) due to the feedback resistance Rf , and Sn,ca and Sn,ota are the
thermal or flicker noise one-sided PSDs due to the control amplifier and OTA, respectively.
For the feedback resistance thermal noise,
Sn,rf(f) = 4kTRf , Rf = 10 kΩ, 100 kΩ, 1MΩ (3.5)
Sn,rf(f) = 19× 4kTRf , Rf = 10MΩ (3.6)
For amplifier thermal noise,
Sn(f) = Sth (3.7)





where Kf is a constant and f is the frequency of interest.
Values used for these parameters in calculating noise are as follows: Rf = 10 MΩ,
Rs = 275 Ω, Cwe = 2 nF, T = 298 K, Sth,ota = 4.4 × 10−11 V, Sth,ca = 1.1 × 10−11 V,
Kf,ota = 1.43 × 10−17 V Hz−1, Kf,ca = 4.5 × 10−18 V Hz−1, fmin = 1 Hz, fmax = 1 kHz.
Figure 3.8 shows the PSDs due to each noise source, as well as the total noise, calculated by
evaluating the argument of the above integrals. (Note that the PSDs due to Rs and control
amplifier thermal noise overlap.) PSDs are calculated up to 1 kHz, as the measurement
system uses an anti-aliasing filter with a 1 kHz cutoff. As is evident, flicker noise due to the
OTA and control amplifier and thermal noise from the feedback resistor network dominate
the noise in the system. Integrating the total noise PSD results in a total input-referred
current noise of 72 pARMS. The current noise experimentally measured in Figure 3.5(b),
80 pARMS, is close to the value found from the circuit analysis.
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Figure 3.8: Input-referred noise power spectral densities.
3.6 Effects of square wave voltammetry frequency
As is evident in Figures 3.9(a) and 3.9(b), SWV performed at 50 Hz provides optimal SNR,
and thus on-chip experiments were performed at 50 Hz. The corresponding voltammograms
for 100 M are shown in Figure 3.9(c). Peak voltages vary by less than 10 mV with varying
SWV frequency. The functional dependence of the signal and noise on frequency can be
best understood through analysis of the raw SWV waveforms (Figures 3.10(a) and 3.10(b)).
The current response to every voltage step in a SWV experiment is a large jump followed by
an exponential decay. At higher frequencies, samples are taken prior to settling, and hence
the current levels sampled, and the signal level, are larger. Because the current responses
do not settle, however, the signal level is more sensitive to sampling at higher frequencies,
and there is significant noise in the resulting square wave voltammogram (Figure 3.10).
For commercial potentostat-generated square wave voltammograms, voltages at which
peaks occur vary by less than 30 mV with varying frequency (Figure 3.11), a small variation
consistent with the 10 mV peak variation observed in Figure 3.9(c). Because the goal is
only to characterize peak voltages in commercial potentiostat experiments, any scan rate
is appropriate. The asymmetry between the positive-to-negative and negative-to-positive
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square wave voltammograms, particularly for PCA and PCN, is not affected significantly
by scan rate (Figure 3.11). A possible explanation for the asymmetry may be pH. Indeed,
one study found that at higher pH, cyclic voltammograms for PCA and PCN deviated from
the Nernstian ideal conditions [7].





























































Figure 3.9: Results from on-chip negative-to-positive SWV on PYO with varying SWV
frequency and concentration. (a) Average signal level, defined as the peak current, across
8 points. (b) Signal-to-noise ratio (SNR), with noise defined as the maximum standard
deviation in signal level for each frequency across the three concentrations measured. (c)
Averaged square wave voltammograms for 100 µM PYO with varying SWV frequency.
3.7 Summary
This section has demonstrated electrochemical characterization of phenazines. In particular,
the voltages at which peaks appear on results from square wave voltammetry experiments
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Figure 3.10: Square wave voltammetry current vs. time traces. Dots represent current
samples used to produce square wave voltammogram plots. (a) 200 Hz. (b) 50 Hz.
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Potential (V) vs. Ag/AgCl
Figure 3.11: Potentiostat-generated positive-to-negative (upper traces) and negative-to-
positive (lower traces) square wave voltammograms, with varying SWV frequency, of PCA
(200 µM) injected into extract from agar on which ∆phz colonies grew.
due to the presence of various phenazines has been established. Additionally, the linear
relationship between phenazine concentration and peak current in SWV has been demon-
strated. Characterization experiments were performed directly on phenazines secreted by
biofilms, in preparation for the in vivo experiments discussed in Chapter 4. The effects of




This chapter will discuss in vivo, spatially resolved electrochemical detection of phenazines
in P. aeruginosa biofilms. Phenazines were identified and quantified using square wave
voltammetry and the electrochemical characterization discussed in Chapter 3. Experiments
were performed using an integrated circuit (IC) featuring an array of working electrodes (see
beginning of Chapter 3) to produce spatially-resolved data (see Section 2.5 for how spatially-
resolved images are produced with such an IC). Section 4.1 discusses spatially resolved mea-
surement of pyocyanin (PYO) concentration in biofilms, while Section 4.2 discusses spatially
resolved measurement of multiple phenazines’ concentration ratio in biofilms. Section 4.3
discusses the effect of diffusion on measurements in this chapter.
Because the experiments in this chapter use EIC-1, an IC not designed specifically
for this purpose, the imaging demonstrated in this chapter is proof-of-principle. Imaging
will be vastly improved when EIC-2, an IC designed specifically for this purpose, is used.
EIC-2 and experiments performed with it are discussed in Chapters XXX.
4.1 Spatially resolved measurement of pyocyanin concentra-
tion in biofilms
This section will discuss electrochemical imaging of pyocyanin (PYO) concentration in a
WT P. aeruginosa PA14 colony biofilm. Three different portions of the colony biofilm
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were placed above the IC’s working electrode array and allowed to sit for a diffusion time
of 3 minutes. Positive-to-negative SWV was then performed at eight electrodes from a
single column in the IC’s working electrode array, one after another. The experimental
method is described in Section 3.3.1. A representative square wave voltammogram from a
single electrode is shown in Figure 4.1(b). Based on the electrochemical signatures found
in Section 3.2.3, the only phenazine contributing a significant peak, at approximately -300
mV vs. QRE, was PYO.
For quantification of peak heights, the peak current in each square wave voltammo-
gram was measured from a baseline, which was taken to be the square wave voltammogram
measured on pure agar at the same applied voltage. Peak current values were converted to
concentration values using the following procedure. Concentrated solutions of phenazines
in agar were prepared by allowing P. aeruginosa PA14 to grow on agar for weeks, until the
phenazine concentration in the agar was hundreds of micromolar. The concentrations of py-
ocyanin in the solutions were measured by extracting phenazines from agar into phosphate-
buffered saline and using the quantification procedure in Section 3.2. Calibration curves
were constructed for each on-chip electrode by measuring the peak current on square wave
voltammograms from a series of diluted solutions of the concentrated agar and calculating
a linear regression fit to the peak current vs. concentration data. Peak currents measured
in colony biofilm experiments were then converted to concentration using these calibration
curves.
PYO concentration is plotted as a function of position within the colony biofilm
in Figure 4.1(a). The error bars in Figure 4.1(a) represent the measured standard devia-
tion in quantifying concentration based on current-to-concentration calibration curves and,
therefore, exceed the noise values quantified in Figure 3.5(b), as this error estimate also
includes experiment-to-experiment variability in electrode and agar conditions. The PYO
concentration increases towards the edge of the colony.
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(b)
Figure 4.1: (a) Results from P. aeruginosa PA14 wild-type colony biofilms. Shown on top
are regions within colony biofilms that were imaged, with the black box representing the
field of view of the integrated circuit (IC), and the blue line representing the column of pixels
(electrodes) probed. Scale bars, 5 mm. Shown below is pyocyanin (PYO) concentration as
a function of location for a single imager column within the colony regions that highlighted
above. Concentrations are determined based on current-to-concentration calibration curves.
Error bars represent the measured standard deviation in quantifying concentration based
on current-to-concentration calibration curves. (b) Example baseline-subtracted, positive-
to-negative square wave voltammogram from a single electrode, showing the PYO peak.
QRE, quasireference electrode.
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4.1.1 Comparison with fluorescent gene expression reporting
The findings from the IC-based electrochemical imager were then compared with find-
ings from conventional fluorescent gene expression reporter techniques, which can report
phenazine gene expression, rather than directly detecting phenazines. It has been shown
that in P. aeruginosa PA14 the phzA2-G2 operon is required for biofilm-specific production
of phenazines, whereas the nearly identical operon phzA1-G1 does not contribute signifi-
cantly [26]. In this experiment, expression of phzA2, the first gene of the phzA2-G2 operon,
is followed using a green fluorescent protein (GFP) reporter. To prepare colonies containing
the fluorescent reporter, 10 µl of overnight cultures of WT PphzA2-GFP (see Tables 3.1
and 3.2) were spotted onto a track-etched membrane with 0.4 µm pore size (Whatman
111707) placed atop 1% agar, 1% tryptone plates containing 20 µg ml−1 Coomassie blue
and 40 µg ml−1 Congo red. The colonies were grown for 2 days and imaged using a Ty-
phoon scanner (GE Healthcare). The excitation wavelength was 488 nm and the emission
was measured at 520 nm. The images were processed using surface plot analysis in ImageJ
(http://imagej.nih.gov/ij/). The phzA2 expression pattern (Figure 4.2 is consistent with the
electrochemically observed PYO distribution along the colony cross-section (Figure 4.1(a).
Figure 4.2: Shown on the left is a representative fluorescence image from a wild-type P.
aeruginosa PA14 colony with a green fluorescent protein (GFP) reporter under the control
of the phzA2 promoter. Scale bar, 5 mm. Shown on the right is position-dependent phzA2
expression along the blue line in the image to the left. The average fluorescence resulting
from the phzA2 promoter-driven GFP expression is shown for five colonies. Error bars
represent the standard deviation of the five experiments, and are shown for 15% of the data
points.
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4.2 Spatially resolved measurement of phenazine concentra-
tion ratio in biofilms
Unlike gene expression reporter-based approaches, the IC-based electrochemical measure-
ment platform technique permits distinguishing and simultaneously imaging multiple phenazines
directly. This experiment uses the P. aeruginosa PA14 mutant strain BigBlue (DKN370) [21],
which overproduces 5-MCA and PYO. Positive-to-negative SWV was performed near the
edge of a BigBlue colony biofilm. Figure 4.3(b) shows a representative waveform at a sin-
gle electrode. Two phenazines, 5-MCA (peak at -140 mV) and PYO (peak at -330 mV),
are detected,. In Figure 4.3(a), the ratio of 5-MCA to PYO peak currents is plotted as a
function of position within the BigBlue colony biofilm. Assuming equal diffusion constants,
peak current ratio is equal to the ratio of concentrations. The ratio of 5-MCA to PYO rises
towards the edge of the colony biofilm.
4.3 Characterization of phenazine diffusion
Phenazines secreted by a colony biofilm diffuse both vertically and horizontally through
the thin agar layer used to interface the biofilm to the measurement array. A longer delay
between transferring the colony and performing the measurement allows for more phenazines
to vertically diffuse to the sensing electrodes and, therefore, improves SNR, but longer
diffusion times also allow horizontal diffusion to degrade the spatial resolution of the sensing
platform.
To estimate the diffusion coefficient of phenazines in agar, a PYO-soaked membrane
was placed above only a portion of the chip and the PYO concentration was monitored over
time at two electrodes, one directly below the membrane and one approximately 125 µm
away from the membrane (Figure 4.4(a)). In addition, this system was simulated using a
three-dimensional diffusion model across a 4×4×0.9 mm3 agar block with a constant con-
centration of PYO maintained at the top surface of a portion of the block (Figure 4.4(b)).
The concentration at the bottom surface of the block, representing what is presented for
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Figure 4.3: (a) Shown on top is the region within the BigBlue colony that was electrochem-
ically imaged. The black box represents the field of view of the integrated circuit (IC),
and the blue line represents the column of pixels (electrodes) probed. Scale bar, 5 mm.
Shown on the bottom is the ratio of 5-MCA to PYO concentration along one pixel column
for the imaged region shown on the top. Error bars account for noise in the square wave
voltammetry (SWV) recordings, using the maximum noise level found in Figure 3.5(b). In
calculating the error bars, 5-MCA and PYO currents are assumed to be uncorrelated (b)
Example baseline-subtracted, positive-to-negative square wave voltammogram from a single
electrode, showing the pyocyanin (PYO) and 5-methylphenazine-1-carboxylic acid (5-MCA
or a derivative thereof) current peaks analysed. QRE, quasireference electrode.
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analysis to the measurement array, was simulated as a function of time (Figure 4.5(a)). Sim-
ulations were performed in COMSOL using the Transport-of-Dilute-Species feature. Initial
concentrations in all non-source areas were set to zero, and no-flux conditions were enforced
at all the surfaces of the block. A good fit between the experimental and simulated data
was found for a diffusion coefficient of 0.5×109 m2 s−1 for PYO in agar and concentration
maintained at a constant 71 µM at the top surface of the agar (Figure 4.5(b)). This value
is in good agreement with the value subsequently reported in another study [38]. It is
expected that comparable diffusion coefficients apply for other phenazines.
Lateral diffusion in the measurement platform can be understood by solution of
the three-dimensional diffusion (heat) equation with a diffusion constant D for molecules
originating at a semi-spherical source (of radius a) on the top surface of an agar slab. The
source is assumed to maintain a fixed concentration on its surface. a can be chosen to
match typical dimensions of the bacterial cells being studied. Concentrations are observed
on the bottom surface of the agar with zero-flux boundary conditions assumed on both the
top and bottom of the agar film. Solutions to the diffusion equation can be simulated with
finite-element models or solved analytically in some cases (see 4.3.1).
To analyze the effects of horizontal diffusion on spatial resolution, consider two semi-
spherical sources of radius a = 1 µm of the same concentration, a horizontal distance d apart
on the top surface of the agar and simulate the concentration at the bottom of the 900-
µm thick agar slab as a function of diffusion time (Figure 4.6(a)). Resolution is defined
as the minimum horizontal distance d at which two separate peaks can be discriminated.
Figure 4.6(b) shows the degradation in this lateral resolution with diffusion time.
To analyze vertical diffusion, the one-dimensional diffusion equation for a uniform
concentration at the top surface of the agar is solved, and the concentration at the bottom
of the 900-µm thick agar film is calculated. Figure 4.6(b) shows the resulting SNR for
top surface concentrations of 500, 100 and 20 µM as a function of diffusion time (using
the maximum noise level shown in Figure 3.5(b). As expected, SNR improves over time







Figure 4.4: (a) Experimental schematic for on-chip diffusion characterization. The py-
ocyanin (PYO)-soaked piece of membrane is shown in green, whereas the two probed elec-
trodes are highlighted in black. Scale bar, 1 mm (b) Simulation model of the experiment,
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Figure 4.5: (a) Simulation results, showing concentration at the bottom surface of the
block. (b) Experimental concentration-versus-diffusion time results at the two electrodes
highlighted in black in a, and simulated concentration-versus-diffusion time results at two
locations matching the locations of these two electrodes, assuming a diffusion constant of
0.5×109 m2 s−1.
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images are captured after a diffusion time of 3 min, at which time SNR will surpass three
for concentrations greater than 20 µM and a resolution of 750 µm is expected.
4.3.1 Solution of the diffusion equation
In general, analysis of the effects of diffusion on the performance of the imager follows from
the solution of the three-dimensional diffusion equation for the concentration C(x, y, z, t)
in a rectangular agar slab with the top surface defined by z = 0 and the bottom surface by
z =W . An initial condition (t = 0) with C = 0 everywhere is assumed. Zero-flux boundary
conditions are assumed at the top and bottom:
∂C
∂t
= D▽2 C, (4.1)
where D is the diffusion coefficient.
For t greater than 0, if the concentration in a semi-sphere surface of radius a (as
from a cell of this size) centered at x = xo, y = yo, z = 0, is assumed to have a fixed
concentration of Cs, the concentration at the bottom of the slab due to the action of this
source at time t is given by














(x− xo)2 + (y − yo)2 +W 2 (4.3)
The method of images is used to model the zero-flux boundary conditions for the
finite-thickness agar slab into which the molecules spread.
For t greater than 0, if the concentration on the top surface of the agar is assumed to
be uniform at concentration Cs, then the concentration at the bottom of the agar is given
by






























































Figure 4.6: (a) Simulation of lateral spreading functions from two 1 − µm semispherical
sources 1 mm apart, for an agar slab thickness of 900 µm and with a diffusion time of
3 min (b) Lateral resolution versus diffusion time for two 1− µm semi-spherical sources on
a 900 − µm agar surface, as well as signal-to-noise ratio (SNR) versus diffusion time for
three uniform source concentrations on the top surface of the agar film.
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More complex boundary conditions can be handled with finite-element numerical
solution of the diffusion equation.
4.4 Discussion
While direct spatially-resolved detection of multiple phenazines in P. auerigonsa biofilms
is novel, the platform used for the experiments in this chapter suffer from a number of
drawbacks. First, the working electrode array is too small in area to accommodate a whole
biofilm. Second, there are too few parallel output channels. This decreases the number of
electrodes that can be measured in a reasonable tiem frame. Third, as discussed in Sec-
tion 4.3, the thick agar layer used to interface the biofilm with the IC and to accommodate
the external reference and counter electrodes only permits a resolution of 750 µm, though
the physical design of the working electrode array can permit finer resolutions. Chapter 6




5.1 Overview of EIC-2
EIC-2 features the following components: A working electrode array, a control amplifier
establishing a three-electrode potentiostat configuration, a reference electrode, a counter
electrode, and parallel output channels of transimpedance amplifiers (TIA’s). A block
diagram of the chip is shown in Figure 5.1.
5.2 Circuit design of EIC-2
This chapter will describe circruit design details of each component of EIC-2. EIC-2 was
designed in a TSMC 0.25-µm semiconductor process and is 1 cm × 1 cm in size.
5.2.1 Working electrode array
EIC-2 features a 48×38 array of working electrodes, each 100 µm × 100 µm in size, origi-
nally implemented as aluminum in the top metal layer of the semiconductor process. The
aluminum electrodes are later replaced with gold as described in Section 5.4. A column
decoder takes a 6-bit input address word and selects one of the 48 columns of electrodes,
connecting each of the 38 electrodes in that column to an individual transimpedance am-











Figure 5.1: Block diagram of EIC-2.
on the circuit board.
5.2.2 Transimpedance amplifier
EIC-2 features 38 parallel transimpedance amplifiers outputting data from the chip. The
input to each transimpedance amplifier is one working electrode from the working electrode
array, and the transimpedance amplifier converts the current flowing through the working
electrode to a voltage for output from the chip. Each transimpedance amplifier is imple-
mented as a folded-cascode operational transconductance amplifier (OTA) and feedback
impedance, adapted from [45]. The OTA has a simulated gain of 73 dB around a 1.65-V
bias point. The transconductance amplifier circuit is shown in Figure 5.2 and the transistor
sizes are shown in Table 5.1.
The programmable feedback impedance of the transimpedance amplifier contains
selectable resistors in parallel with capacitors. The available resistances, equivalent to the









Figure 5.2: Circuit diagram of the OTA. Adapted from [45].
1 MΩ resistance, switches close to place two 500-kΩ resistors in series. To select the 10
MΩ resistance, switches close to implement a T-network of two 500-kΩ resistors in series,
between which is a 27.7-kΩ resistor terminating to ground. The available capacitors in the
feedback impedance are 5 pF, 1 pF, 500 fF, or 250 fF. The feedback impedance circuit








Table 5.1: Transistor sizes for the OTA of Figure 5.2
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27.7 kΩ











Figure 5.3: Circuit diagram of the TIA feedback impedance circuit. Adapted from [45].
5.2.3 Control amplifier
EIC-2 features a control amplifier to establish a three-electrode potentiostat configuration.
The control amplifier takes an input voltage signal at its positive terminal, a reference
electrode at its negative terminal, and a counter electrode at its output terminal. The
control amplifier is implemented as a two-stage op amp consisting of a dual-input, folded-
cascode first stage and a common-source second stage, adapted from [45]. The control
amplifier has a gain of approximately 103 dB and a second-stage bias current of 3 mA.
The control amplifier circuit is shown in Figure 5.4 and the transistor sizes are shown in
Table 5.2.
There is a programmable RC-compensation network between the two stages of the
control amplifier. The compensation network constains selectable 100-Ω, 1-kΩ, or and 10-kΩ
resistors in series with a 24-pF capacitor.
The reference and counter electrodes can be chosen to be on-chip electrodes or ex-
ternal electrodes connected to pins on the circuit board. The on-chip reference electrode is


















Figure 5.4: Circuit diagram of the control amplifier. Adapted from [45].
aluminum in the top metal layer of the semiconductor process. As discussed in Section 5.3,
both on-chip electrodes are replaced with gold, and the reference electrode is further con-
verted to a silver/silver-chloride quasireference electrode.
The fabricated chip is shown in Figure 5.5.
5.3 Post-processing of EIC-2
Aluminum has been found to corrode in electrolyte [50]. Thus, following fabrication, EIC-2
requires post-processing to replace the aluminum top metal of the working, counter, and
reference electrodes with gold. The procedure was as follows. AZP4620 photoresist was
spun onto chips with a spin cycle of 300 rpm at 500 rpm/s for 3 seconds followed by
4500 rpm at 500 rpm/s for 45 seconds. Chips were soft baked at 110 degrees Celsius for 2
minutes. A chrome-on-glass mask was fabricated using a mask wrier (Heidelberg) to feature
openings above electrode sites. Chips were soft contacted with the mask in a mask aligner
(MA6) and exposed at 12 mW/cm2 for 40 seconds, followed by development in AZ400K
diluted 1:3 in water for approximately 2 minutes. The exposed aluminum electrodes were













Table 5.2: Transistor sizes for the control amplifier of Figure 5.4
degrees Celsius, followed by electron beam evaporation (Angstrom) of titanium/gold with
thicknesses 4 nm/100 nm onto the electrode sites and liftoff of the photoresist with acetone.
Reference electrodes were silver electroplated by immersing electrodes in silver cyanide
and applying a sufficient potential between reference electrode sites and a platinum counter
electrode to drive 13 mA cm-2 through the circuit for 30 min. Following electroplating,
silver was converted to silver chloride by immersing the electrodes in bleach diluted 1:10 for
1 min.
5.4 Chip packaging, supporting electronics, and software
Each chip is packaged in a 272-pin, ball grid array package, which interfaces to a printed cir-
cuit board (PCB) through a socket. The PCB contains voltage regulators, current biasing,
anti-aliasing filters, analog-to-digital convertors, a digital-to-analog convertor, and field-
programmable grid array (FPGA). Digital control signals can be sent to the FPGA, and
output data can be received from the FPGA, using software and a graphical user interface
written in MATLAB.
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Figure 5.6: Chip post-processing steps (a) Aluminum electrode before post-processing (b)
Aluminum electrode with opening in photoresist above (c) Electrode site with aluminum
etched (d) Gold electrode after electron beam evaporation and photoresist liftoff.
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Chapter 6
Imaging Experiments with EIC-2
6.1 Introduction to imaging experiments with EIC-2
In this study, the whole-colony imaging capabilities of the next-generation electrochemical
camera chip, EIC-2, were demonstrated by simultaneously imaging the spatial distribution
of three different phenazines and monitoring production of phenazines in situ following
introduction of O2 to an anaerobically grown biofilm. Mutants with defective phenazine
biosynthesis were used to ask specific questions about phenazine distribution and its rela-
tionship to O2 availability. All strains contained a deletion in the gene phzH to abrogate
PCN production and thereby simplify image analysis. The strains were ∆phzHM, which
only produces PCA; ∆phzHS, which produces PCA and 5-MCA; and ∆phzH, which pro-
duces PCA, 5-MCA, and PYO.
Unlike in Chapter 4, in this chapter, colonies are supported by agar-soaked mem-
branes placed directly on top of the chip, decreasing the effects of phenazine diffusion and
increasing spatial resolution.
As with EIC-1, PCA, PYO, and 5-MCA were distinguishable by square wave voltam-
metry using EIC-2. Using reductive SWV, in which voltage is scanned in the negative
direction versus an integrated Ag/AgCl QRE, it was found that these three phenazines
contribute current peaks at the following voltages: PCA, -500 mV; PYO, -370 mV; and
5-MCA, -200 mV. Using oxidative SWV, in which voltage is scanned in the positive direc-
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tion, it was found that they contribute current peaks at -300 mV, -300 mV, and -150 mV,
respectively. The peak voltages observed in this study differ from those previously reported,
possibly due to differences in experimental conditions. Because the peak voltages for PCA
and PYO are very close on oxidative SWV, when both phenazines are present they cannot
be distinguished. Thus, oxidative SWV is only used when PYO is not present, allowing the
peak to be attributed solely to PCA. For reference, square wave voltammograms for the
phenazine-null mutant is shown in Figure 6.1. No peaks were detected.















Voltage vs. QRE (V)
(a)











Voltage vs. QRE (V)
(b)
Figure 6.1: (a) Reductive and (b) oxidative square wave voltammograms for a ∆phz colony
after two days of growth.
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6.2 EIC-2 Experimental Method
On-chip electrochemical cells consisted of on-chip gold working electrodes, an integrated gold
counter electrode and an integrated silver/silver chloride electrode serving as a quasirefer-
ence electrode in a three-electrode potentiostat configuration. The feedback loop established
the excitation voltage signal on the reference electrode. The working electrodes were main-
tained at a constant potential and were connected to TIAs to read the output current. The
SWV excitation signal consisted of a staircase ramp with 60 mV forward steps and 50 mV
reverse steps at 33 Hz frequency. The voltage range of the input signal was 0.1 to −0.7 V.
The TIA was set to a gain of 10 MΩ.
For each colony measurement, a piece of track-etched membrane (Whatman 110606,
pore size=0.2 µm) with a biofilm growing on top was placed on the chip following wet-
ting of the membrane bottom with liquid agar (Figure 6.2). After 1.5 min, square wave
voltammograms were measured at all 1824 electrodes, with each of the 48 columns of elec-
trodes connected to the 38 output channels one after another. Total measurement time
for all 1824 electrodes was 5.2 min. The output current signal from a SWV experiment
consisted of the response to a series of forward and reverse voltage steps. To create the
square wave voltammogram, the ten current samples at the end of each reverse voltage step
were averaged and subtracted from the ten averaged current samples at the end of each
forward voltage step. The resulting signal was plotted as a function of the forward applied
potentiostat voltage. For quantification of peak heights, the peak current was measured
from a fitted baseline. Current values were converted to concentration values using the
calibration experiments discussed in Section 6.3. In electrochemical images, values at mal-
functioning electrodes (average 5%) were interpolated from surrounding electrode values.
Cross-sections were computed in ImageJ using the Plot Profile feature and a line width of
10. For whole-colony images, there was some asymmetry in the distribution of phenazines
that localize to the colony periphery. It is suspected that this arises from unevenness in the
agar that distributes cells unevenly in the 5− µl cell suspension droplet used as inoculum.
It is also noted that, in some cases, a portion of the colony image was cropped because it
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was slightly larger than the chip imaging area.
Working Electrodes Biofilm MembraneChip
Figure 6.2: Diagram of the imaging platform, with the electrochemical camera chip, working
electrodes, biofilm, and membrane highlighted.
6.3 Electrochemical calibration
For all subsequent electrochemical images, pixel intensity is displayed in proportion to
phenazine concentration, obtained using calibration curves. Current measurements were
calibrated to concentration values using linear fitting to results from dilution series of syn-
thetic PYO (485 µM), synthetic PCA (2 mM), and 5-MCA (140 µM) purified from plank-
tonic cultures. Current measurements were averaged among more than 120 electrodes in the
chip array. Figures 6.3, 6.4, and 6.5 present results from the calibration experiments. To
prepare purified 5-MCA, the ∆phzHS strain was inoculated from a streaked plate in 5 mL
50 mM MOPS medium containing 20 mM glucose and 20% LB. The culture was grown at 37
degC shaking at 250 r.p.m. for 17 hours. The culture was centrifuged and the supernatant
passed through a 0.2 µm filter. 50 µl of supertatant was loaded onto a Waters Symmetry
C-18 reverse phase column (Waters; 5 µm particle size, 4.6 × 150 mm2). The phenazines
were separated using a gradient of water-0.01% TFA (solvent A) to acetonitrile-0.01% TFA
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(solvent B) at a flow rate of 0.4 ml min−1 using the following protocol: linear gradient from
0 to 15% solvent B for 2 min, linear gradient to 83% solvent B for 20 min, linear gradient
from 83 to 100% solvent B for 10 min and finally, a linear gradient to 0% solvent B for
5 min. The total method time was 38 min. The retention time for 5-MCA was 6.2 min.
The concentration of 5-MCA is determined by taking the area under the peak using System
Gold 32 Karat Software (Beckman Coulter), using a conversion factor for PYO (8 × 106),
which is reported to be a good approximation for determining 5-MCA concentration [9].




























Figure 6.3: Calibration curves for synthetic PCA on (a) reductive and (b) oxidative SWV,
with fitted lines in black.
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Figure 6.4: Calibration curves for purified 5-MCA on (a) reductive and (b) oxidative SWV,
with fitted lines in black.















Figure 6.5: Calibration curves for synthetic PYO on reductive SWV, with fitted lines in
black.
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6.4 Preparation of colonies
Liquid cultures were grown in lysogeny broth (LB) [47] at 37 degC with shaking at 250r.p.m.
overnight. The overnight cultures were diluted 1:50 in LB and grown to exponential-early
stationary phase. Colonies used for on-chip electrochemical measurements were prepared by
spotting 5 µl of exponential-early stationary phase culture onto a track-etched membrane
(Whatman 110606, pore size=0.2 µm) placed upon a 1% agar, 1% tryptone plate containing
40 µg ml−1 Congo red and 20 µg ml−1 Coomassie blue. The colonies were grown at 25 degC,
greater than 95% humidity in an incubator (Percival) for the desired time. Colonies grown
anaerobically were spotted on track-etched membranes placed upon 1% agar 1% tryptone
plates containing Congo red, Coomassie blue, and 40 mM potassium nitrate. The colonies
were grown at room temperature in a vinyl anaerobic chamber (Coy).
6.5 Imaging ∆phzHM
Figure 6.6 demonstrates reductive SWV-based imaging of a ∆phzHM biofilm grown for
two days. In the ∆phzHM biofilm, PCA is produced both throughout the center and
at the edges of the colony. A darker zone, indicating lower concentrations of PCA, is
visible between the edge and the center. In addition to the PCA peak, another peak at
approximately -300 mV is found with SWV (Figure 6.6c). This peak cannot be due to PYO,
as ∆phzHM cannot produce PYO or 5-MCA, but may represent another product of the
PhzA-G-dependent portion of the phenazine biosynthetic pathway, such as phenazine-1,6-
dicarboxylic acid (PDC) [51]. Consistent with this, the zone of lower PCA concentrations
seems to overlap with a higher concentration of the unknown compound, suggesting an
inverse relationship in production of the two compounds.
6.6 Imaging ∆phzHS
Figure 6.7 presents imaging of a ∆phzHS biofilm grown for two days. Using this strain,






































































Figure 6.6: (a) Electrochemical imaging, based on reductive square wave voltammetry
(SWV), of a ∆phzHM biofilm after 2 days of development. Pixel intensity is proportional
to PCA concentration. Because the unidentified redox-active species cannot be calibrated
to concentration values, it is scaled relative to PCA based on SWV peak current. PCA =
green, unidentified redox-active species = blue. Standard error in calibration is 28 µM for
PCA. (b) Locations of example square wave voltammogram and cross-section in (c) and (d),
respectively. (c) Example square wave voltammogram from a single electrode. (d) Example
cross-section from the electrochemical image in (a). Because the unidentified redox-active
species cannot be calibrated to concentration values, it is scaled relative to PCA based on
SWV peak current.
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is expected in this biofilm, SWV in both the reductive and oxidative directions can be
used. The ability of this imaging platform to differentiate between oxidized and reduced
forms of multiple phenazines is a major advantage over other imaging modalities such as
imaging mass spectrometry. Figure 6.7 demonstrates reductive and oxidative SWV-based
imaging of a ∆phzHS biofilm grown for two days. PCA is present at low concentrations
throughout the center of the colony and slightly more concentrated at the edge of this area.
5-MCA is detected at maximum concentration in a ring outside of the PCA-containing area
(Figure 6.7a and Figure 6.7e). This distribution of 5-MCA production is unexpected, as
expression of PhzM, the methylase responsible for conversion of PCA to 5-MCA, is not
known to be regulated by high cell density. While the general spatial patterns of oxidized
(Figure 6.7a-d) and reduced (Figure 6.7e-f) PCA and 5-MCA are the same, reduced PCA
is present at approximately 3.5 times the concentration of oxidized PCA, while oxidized
and reduced 5-MCA are present at nearly identical concentrations. (See Figure 6.8 for
alternative presentation of the cross-section data.)
6.7 Imaging ∆phzH
Figure 6.9 demonstrates reductive SWV-based imaging of a ∆phzH biofilm grown for two
days. In ∆phzH biofilms, production of PCA, 5-MCA, and PYO is observed. PCA is
detected at low levels throughout the center of the biofilm. 5-MCA is not detected at high
levels in the center, but is detected at high levels at the edge in a ring surrounding the
area of PCA production, as is seen in the ∆phzHS mutant. Finally, PYO is detected at
low levels throughout the center, but is present in higher concentrations at the colony edge,
located outside the ring of high 5-MCA levels. This latter observation is consistent with
the fact that the conversion of 5-MCA to PYO, catalyzed by the monooxygenase PhzS, is
an O2-dependent reaction [52], as the outermost edge of the colony is more oxygen-replete
than areas within the colony that are further away from the edge.
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Figure 6.7: (a) Electrochemical imaging, based on reductive square wave voltammetry
(SWV), of a ∆phzHS biofilm after 2 days of development Pixel intensity is proportional to
phenazine concentration. PCA = green, 5-MCA = red. Standard error in calibration is
14 µM for PCA and 15 µM for 5-MCA. (b) Locations of example square wave voltammogram
and cross-section in (c) and (d), respectively. (c) Example square wave voltammogram from
a single electrode. (d) Example cross-section from the electrochemical image in (a). (e)
Electrochemical imaging, based on oxidative SWV, of the same ∆phzHS biofilm shown in
(a). Pixel intensity is proportional to phenazine concentration. PCA = green, 5-MCA =
red. Standard error in calibration is 74 µM for PCA and 12 µM for 5-MCA. (f) Locations
of example square wave voltammogram and cross-section in (g) and (h), respectively. (g)
Example square wave voltammogram from a single electrode. (h) Example cross-section
from the electrochemical image in (e).
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Figure 6.8: (Cross-sections for the ∆phzHS colony of Figure 6.7, with the reductive and















































































Figure 6.9: (a) Electrochemical imaging, based on reductive square wave voltammetry
(SWV), of a ∆phzH biofilm after 2 days of development. Pixel intensity is proportional
to phenazine concentration. PCA = green, 5-MCA = red, PYO = blue. Standard error
in calibration is 18 µM for PCA, 8 µM for 5-MCA, and 14 µM for PYO. (b) Locations
of example square wave voltammogram and cross-section in (c) and (d), respectively. (c)
Example square wave voltammogram from a single electrode. (d) Example cross-section
from the electrochemical image in (a).
6.8 Imaging anaerobically-grown ∆phzH following exposure
to O2
In addition to the conversion of 5-MCA to PYO, biochemical studies have indicated that
the phenazine biosynthetic pathway may contain additional O2-requiring steps in the pro-
duction of PCA [51]. The effects of anaerobic growth and subsequent transfer to an aerobic
atmosphere on phenazine production and distribution in P. aeruginosa colony biofilms are
therefore investigated. Figure 6.10 demonstrates reductive SWV-based imaging of a ∆phzH
biofilm grown anaerobically for two days on medium containing nitrate, a respiratory sub-
strate for P. aeruginosa, and subsequently exposed to oxygen for one hour before imaging.
PCA, but not 5-MCA or PYO, is detected. As seen in the aerobically grown ∆phzHM,
∆phzHS, and ∆phzH biofilms, PCA is concentrated at the center of the biofilm, but the
ring of higher concentration, visible in the aerobically grown ∆phzHM colony, is not ap-
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parent. The unidentified compound present in the ∆phzHM colony analysis is not detected
here. Finally, it is noted that oxidized PCA is present in higher concentrations here than in
the aerobically grown ∆phzHM colony. This could be due to non-specific, enzyme-mediated
oxidation of PCA by nitrate [53] . (See Figure 6.11 for alternative presentation of the data.)
Figures 6.12a-d demonstrate reductive SWV-based imaging of an anaerobically grown
phzH biofilm exposed to oxygen for 4.25 hours before analysis. At this timepoint, 5-MCA
and PYO in addition to PCA are detected. PCA is present throughout the center of the
biofilm, at a lower concentration than is seen after only 1 hour of aerobic incubation. 5-
MCA and PYO are detected specifically at the edge of the colony, with PYO occupying the
outermost edge and 5-MCA in a ring slightly within the PYO ring. Figures 6.12e-h demon-
strate reductive SWV-based imaging of an anaerobically grown ∆phzH biofilm exposed to
oxygen for 23 hours before analysis. 5-MCA and PYO are still detected, but PCA is no
longer detected at significant current levels. The quantity of 5-MCA is decreased compared
to the 4.25 hour timepoint, while PYO is still present at levels comparable to those observed
at 4.25 hours.
6.9 Diffusion Effects
Biofilms were grown on track-etched membranes to facilitate movement of biofilms from
thick agar plates onto the chip. Prior to placement on the chip, the bottom of the membrane
was wet with liquid agar. Based on optical profilometry measurements, it is estimated
that the agar was, at most, 15 µm thick. Section 4.3 discusses estimation of the diffusion
coefficient of PYO as 0.5 × 10−9 m2 s−1. Using the same method in Section 4.3, for an
approximate experiment time of 6.5 min and an agar thickness of 15 µm, the diffusion
profile from 2 semi-spherical sources 100 µm apart (the size of an on-chip electrode) is
shown in Figure 6.13. As is evident, because the agar thickness is so small, each source













































































































































Figure 6.10: (a) Electrochemical imaging, based on reductive square wave voltammetry
(SWV), of a ∆phzH biofilm, after 2 days of anaerobic development and after 1 hour of
subsequent exposure to oxygen. Pixel intensity is proportional to phenazine concentration.
PCA = green. Standard error in calibration is 28 µM for PCA. (b) Locations of example
square wave voltammogram and cross-section in (c) and (d), respectively. (bc) Example
square wave voltammogram from a single electrode. (cd) Example cross-section from the
electrochemical image in (a). (e) Electrochemical imaging, based on oxidative square wave
voltammetry, of the same ∆phzH biofilm shown in (a). Pixel intensity is proportional to
phenazine concentration. PCA = green. Standard error in calibration is 74 µM for PCA.
(f) Locations of example square wave voltammogram and cross-section in (g) and (h),
respectively. (g) Example square wave voltammogram from a single electrode. (h) Example


























Figure 6.11: Cross-sections for the anaerobically-grown ∆phzH colony after 1 hour of oxy-
genation of Figure 6.10, with the reductive and oxidative results for PCA overlaid.
6.10 Discussion
When used to image P. aeruginosa PA14 colony biofilms with various capacities for phenazine
production and grown under different conditions, this newly developed electrochemical cam-
era chip provides a view of metabolite distribution that was not previously attainable. Cou-
pled with recently published microelectrode studies showing higher oxygen availability at
the colony edge relative to the colony center, these results hint at surprising aspects of
phenazine production and metabolism. First, they are consistent with our earlier finding,
apparently at odds with current models for phenazine biosynthesis, that PCA production
is not oxygen dependent [26,51]: PCA is always detected at higher concentrations in colony
centers than PYO, the synthesis of which requires molecular oxygen. Our analyses also
raise the possibilities that 5-MCA production, which is required for WT colony biofilm
morphology, is oxygen-dependent, and that reduced PCA can be oxidized by nitrate un-
der physiological conditions. These findings await further biochemical verification but have
implications for our understanding of the roles of phenazine chemistry in biofilm redox
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Figure 6.12: (a) Electrochemical imaging, based on reductive square wave voltammetry
(SWV), of a ∆phzH biofilm after 2 days of anaerobic growth and after 4.25 hours of subse-
quent exposure to oxygen. Pixel intensity is proportional to phenazine concentration. PCA
= green, 5-MCA = red, PYO = blue. Standard error in calibration is 18 µM for PCA, 4 µM
for 5-MCA, and 4 µM for PYO. (b) Locations of example square wave voltammogram and
cross-section in (c) and (d), respectively. (c) Example square wave voltammogram from
a single electrode. (d) Example cross-section from the electrochemical image in (a). (e)
Electrochemical imaging, based on reductive SWV, of a ∆phzH biofilm after 2 days of gr-
woth and after 23 hours of subsequent exposure to oxygen. Pixel intensity is proportional
to phenazine concentration. 5-MCA = red, PYO = blue. Standard error in calibration is
4 µM for 5-MCA, and 4 µM for PYO. (f) Locations of example square wave voltammogram
and cross-section in (g) and (h), respectively. (g) Example square wave voltammogram from
a single electrode. (h) Example cross-section from the electrochemical image in (e).
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Figure 6.13: Diffusion profile for PYO from two semi-spherical sources of radius 1 µm spaced





To our knowledge, this study represents
• The first electrochemical characterization of multiple phenazines in in vivo biofilm
conditions
• The design of an integrated circuit-based electrochemical imager with the most work-
ing electrodes and largest working electrode array area
• The first imaging of multiple chemical species with an electrochemical imager using a
potential sweep method
• The first imaging of multiple phenazines in a biofilm
• The first characterization of the diffusion coefficient of a phenazine in agar.
This work has resulted in the following articles:
• D.L. Bellin, H. Sakhtah, J.K. Rosenstein, P.M. Levine, J. Thimot, K. Emmet, L.E.P.
Dietrich, and K.L. Shepard.Integrated circuit-based electrochemical sensor for spa-
tially resolved detection of redox-active metabolites in biofilms, Nature Communica-
tions 5:3256 (2014)
86
• D.L. Bellin, S.B. Warren, J.K. Rosenstein, K. L. Shepard. Interfacing CMOS electron-
ics to biological systems: from single molecules to cellular communities, Biomedical
Circuits and Systems Conference (BioCAS), 2014 IEEE
• D.L. Bellin, H. Sakhtah, Y. Zhang, L.E.P. Dietrich, and K.L. Shepard.Electrochemical




[1] A. J. Bard and L. R. Faulkner, Electrochemical Methods : Fundamentals and Applica-
tions, 2nd ed. New York: John Wiley, 2001.
[2] J. W. Costerton, P. S. Stewart, and E. P. Greenberg, “Bacterial biofilms: A common
cause of persistent infections,” Science, vol. 284, no. 5418, pp. 1318–1322, 1999.
[3] P. S. Stewart and M. J. Franklin, “Physiological heterogeneity in biofilms,” Nat Rev
Micro, vol. 6, no. 3, pp. 199–210, 2008.
[4] C. Okegbe, A. Price-Whelan, and L. E. P. Dietrich, “Redox-driven regulation of mi-
crobial community morphogenesis,” Current Opinion in Microbiology, vol. 18, no. 0,
pp. 39–45, 2014.
[5] L. Hall-Stoodley, J. W. Costerton, and P. Stoodley, “Bacterial biofilms: from the
natural environment to infectious diseases,” Nat Rev Micro, vol. 2, no. 2, pp. 95–108,
2004.
[6] A. Price-Whelan, L. E. Dietrich, and D. K. Newman, “Rethinking ‘secondary’
metabolism: physiological roles for phenazine antibiotics,” Nature Chemical Biology,
vol. 2, no. 2, pp. 71–78, 2006.
[7] Y. Wang and D. K. Newman, “Redox reactions of phenazine antibiotics with ferric
(hydr)oxides and molecular oxygen,” Environ Sci Technol, vol. 42, no. 7, pp. 2380–6,
2008.
[8] D. V. Mavrodi, W. Blankenfeldt, and L. S. Thomashow, “Phenazine compounds in
fluorescent Pseudomonas spp. biosynthesis and regulation,” Annu. Rev. Phytopathol.,
vol. 44, pp. 417–445, 2006.
[9] H. Zheng, J. Kim, M. Liew, J. Yan, O. Herrera, J. Bok, N. Kelleher, N. Keller, and
Y. Wang, “Redox metabolites signal polymicrobial biofilm development via the NapA
oxidative stress cascade in Aspergillus,” Current Biology, vol. 25, no. 1, pp. 29–37,
2015.
[10] S. S. Magill et al., “Multistate point-prevalence survey of health care-associated infec-
tions,” New England Journal of Medicine, vol. 370, no. 13, pp. 1198–1208, 2014.
[11] G. Doring, S. Conway, H. Heijerman, M. Hodson, N. Hoiby, A. Smyth, and D. Touw,
“Antibiotic therapy against Pseudomonas aeruginosa in cystic fibrosis: a European
consensus,” European Respiratory Journal, vol. 16, no. 4, pp. 749–767, 2000.
88
[12] N. Hoiby, B. Frederiksen, and T. Pressler, “Eradication of early Pseudomonas aerug-
inosa infection,” Journal of Cystic Fibrosis, vol. 4, Supplement 2, no. 0, pp. 49–54,
2005.
[13] P. K. Singh, A. L. Schaefer, M. R. Parsek, T. O. Moninger, M. J. Welsh, and E. P.
Greenberg, “Quorum-sensing signals indicate that cystic fibrosis lungs are infected with
bacterial biofilms,” Nature, vol. 407, no. 6805, pp. 762–764, 2000.
[14] R. Wilson, D. A. Sykes, D. Watson, A. Rutman, G. W. Taylor, and P. J. Cole, “Mea-
surement of Pseudomonas aeruginosa phenazine pigments in sputum and assessment
of their contribution to sputum sol toxicity for respiratory epithelium,” Infection and
Immunity, vol. 56, no. 9, pp. 2515–2517, 1988.
[15] L. E. P. Dietrich, A. Price-Whelan, A. Petersen, M. Whiteley, and D. K. Newman, “The
phenazine pyocyanin is a terminal signalling factor in the quorum sensing network of
Pseudomonas aeruginosa,” Molecular Microbiology, vol. 61, no. 5, pp. 1308–1321, 2006.
[16] Y. Wang, J. C. Wilks, T. Danhorn, I. Ramos, L. Croal, and D. K. Newman, “Phenazine-
1-carboxylic acid promotes bacterial biofilm development via ferrous iron acquisition,”
Journal of Bacteriology, vol. 193, no. 14, pp. 3606–3617, 2011.
[17] E. A. H. Friedheim, “Pyocyanine, an accessory respiratory enzyme,” The Journal of
Experimental Medicine, vol. 54, no. 2, pp. 207–221, 1931.
[18] M. E. Hernandez and D. K. Newman, “Extracellular electron transfer,” Cellular and
Molecular Life Sciences CMLS, vol. 58, no. 11, pp. 1562–1571, 2001.
[19] A. Price-Whelan, L. E. P. Dietrich, and D. K. Newman, “Pyocyanin alters redox home-
ostasis and carbon flux through central metabolic pathways in Pseudomonas aeruginosa
PA14,” Journal of Bacteriology, vol. 189, no. 17, pp. 6372–6381, 2007.
[20] Y. Wang, S. E. Kern, and D. K. Newman, “Endogenous phenazine antibiotics pro-
mote anaerobic survival of Pseudomonas aeruginosa via extracellular electron transfer,”
Journal of Bacteriology, vol. 192, no. 1, pp. 365–369, 2010.
[21] L. E. Dietrich, T. K. Teal, A. Price-Whelan, and D. K. Newman, “Redox-active antibi-
otics control gene expression and community behavior in divergent bacteria,” Science,
vol. 321, no. 5893, pp. 1203–6, 2008.
[22] I. Ramos, L. E. Dietrich, A. Price-Whelan, and D. K. Newman, “Phenazines affect
biofilm formation by Pseudomonas aeruginosa in similar ways at various scales,” Res
Microbiol, vol. 161, no. 3, pp. 187–91, 2010.
[23] L. E. Dietrich, C. Okegbe, A. Price-Whelan, H. Sakhtah, R. C. Hunter, and D. K.
Newman, “Bacterial community morphogenesis is intimately linked to the intracellular
redox state,” J Bacteriol, vol. 195, no. 7, pp. 1371–80, 2013.
[24] C. P. Kempes, C. Okegbe, Z. Mears-Clarke, M. J. Follows, and L. E. P. Dietrich,
“Morphological optimization for access to dual oxidants in biofilms,” Proceedings of
the National Academy of Sciences, vol. 111, no. 1, pp. 208–213, 2014.
89
[25] R. K. Grosberg and R. R. Strathmann, “The evolution of multicellularity: A minor
major transition?” Annual Review of Ecology, Evolution, and Systematics, vol. 38, pp.
621–654, 2007.
[26] D. A. Recinos, M. D. Sekedat, A. Hernandez, T. S. Cohen, H. Sakhtah, A. S. Prince,
A. Price-Whelan, and L. E. P. Dietrich, “Redundant phenazine operons in Pseu-
domonas aeruginosa exhibit environment-dependent expression and differential roles
in pathogenicity,” Proceedings of the National Academy of Sciences, vol. 109, no. 47,
pp. 19 420–19 425, 2012.
[27] N. L. Sullivan, D. S. Tzeranis, Y. Wang, P. T. C. So, and D. Newman, “Quantifying
the dynamics of bacterial secondary metabolites by spectral multiphoton microscopy,”
ACS Chemical Biology, vol. 6, no. 9, pp. 893–899, 2011.
[28] S. Kern and D. Newman, Measurement of Phenazines in Bacterial Cultures, ser. Meth-
ods in Molecular Biology. Springer New York, 2014, vol. 1149, ch. 25, pp. 303–310.
[29] D. Watson, G. W. Taylor, R. Wilson, P. J. Cole, and C. Rowe, “Thermospray mass
spectrometric analysis of phenazines,” Biological Mass Spectrometry, vol. 17, no. 4, pp.
251–255, 1988.
[30] J. D. Watrous and P. C. Dorrestein, “Imaging mass spectrometry in microbiology,”
Nat Rev Micro, vol. 9, no. 9, pp. 683–694, 2011.
[31] W. J. Moree, V. V. Phelan, C.-H. Wu, N. Bandeira, D. S. Cornett, B. M. Duggan,
and P. C. Dorrestein, “Interkingdom metabolic transformations captured by microbial
imaging mass spectrometry,” Proceedings of the National Academy of Sciences, vol.
109, no. 34, pp. 13 811–13 816, 2012, 10.1073/pnas.1206855109.
[32] D. V. Vukomanovic, D. E. Zoutman, G. S. Marks, J. F. Brien, G. W. van Loon,
and K. Nakatsu, “Analysis of pyocyanin from Pseudomonas aeruginosa by adsorptive
stripping voltammetry,” Journal of Pharmacological and Toxicological Methods, vol. 36,
no. 2, pp. 97–102, 1996.
[33] O. Bukelman, N. Amara, R. Mashiach, P. Krief, M. M. Meijler, and L. Alfonta, “Elec-
trochemical analysis of quorum sensing inhibition,” Chem. Commun., no. 20, pp. 2836–
2838, 2009.
[34] E. Kim, T. Gordonov, W. E. Bentley, and G. F. Payne, “Amplified and in situ detection
of redox-active metabolite using a biobased redox capacitor,” Analytical Chemistry,
vol. 85, no. 4, pp. 2102–2108, 2013.
[35] D. Sharp, P. Gladstone, R. B. Smith, S. Forsythe, and J. Davis, “Approaching intelli-
gent infection diagnostics: carbon fibre sensor for electrochemical pyocyanin detection,”
Bioelectrochemistry, vol. 77, no. 2, pp. 114–119, 2010.
[36] T. A. Webster and E. D. Goluch, “Electrochemical detection of pyocyanin in nanochan-
nels with integrated palladium hydride reference electrodes,” Lab on a Chip, vol. 12,
no. 24, pp. 5195–5201, 2012.
[37] H. J. Sismaet, T. A. Webster, and E. D. Goluch, “Up-regulating pyocyanin produc-
tion by amino acid addition for early electrochemical identification of Pseudomonas
aeruginosa,” Analyst, vol. 139, no. 17, pp. 4241–4246, 2014.
90
[38] T. A. Webster, H. J. Sismaet, A. F. Sattler, and E. D. Goluch, “Improved monitoring
of P. aeruginosa on agar plates,” Analytical Methods, 2015.
[39] D. Koley, M. M. Ramsey, A. J. Bard, and M. Whiteley, “Discovery of a biofilm elec-
trocline using real-time 3D metabolite analysis,” Proc Natl Acad Sci U S A, vol. 108,
no. 50, pp. 19 996–20 001, 2011.
[40] J. L. Connell, J. Kim, J. B. Shear, A. J. Bard, and M. Whiteley, “Real-time monitoring
of quorum sensing in 3D-printed bacterial aggregates using scanning electrochemical
microscopy,” Proceedings of the National Academy of Sciences, vol. 111, no. 51, pp.
18 255–18 260, 2014.
[41] K. Y. Inoue et al., “LSI-based amperometric sensor for bio-imaging and multi-point
biosensing,” Lab on a Chip, vol. 12, no. 18, pp. 3481–3490, 2012.
[42] M. Sen, K. Ino, K. Y. Inoue, T. Arai, T. Nishijo, A. Suda, R. Kunikata, H. Shiku,
and T. Matsue, “LSI-based amperometric sensor for real-time monitoring of embryoid
bodies,” Biosensors and Bioelectronics, vol. 48, no. 0, pp. 12–18, 2013.
[43] B. N. Kim, A. D. Herbst, S. J. Kim, B. A. Minch, and M. Lindau, “Parallel recording
of neurotransmitters release from chromaffin cells using a 10x10 CMOS IC potentiostat
array with on-chip working electrodes,” Biosensors and Bioelectronics, vol. 41, no. 0,
pp. 736–744, 2013.
[44] J. Rothe, O. Frey, A. Stettler, Y. Chen, and A. Hierlemann, “Fully integrated CMOS
microsystem for electrochemical measurements on 32x32 working electrodes at 90
frames per second,” Analytical Chemistry, vol. 86, no. 13, pp. 6425–6432, 2014.
[45] P. M. Levine, “Active CMOS biochips for electrochemical DNA assays,” PH.D Disser-
tation, 2009.
[46] L. Rahme, E. Stevens, S. Wolfort, J. Shao, R. Tompkins, and F. Ausubel, “Common
virulence factors for bacterial pathogenicity in plants and animals,” Science, vol. 268,
no. 5219, pp. 1899–1902, 1995.
[47] G. Bertani, “Lysogeny at mid-twentieth century: P1, P2, and other experimental sys-
tems,” Journal of Bacteriology, vol. 186, no. 3, pp. 595–600, 2004.
[48] G. Hansford, F. Holliman, and R. Herbert, “Pigments of Pseudomonas species. Part IV.
in vitro and in vivo conversion of 5-methylphenazinium-1-carboxylate into aeruginosin
A,” Journal of the Chemical Society, Perkin Transactions 1, pp. 103–105, 1972.
[49] E. A. Abu, S. Su, L. Sallans, R. E. Boissy, A. Greatens, W. R. Heineman, and D. J.
Hassett, “Cyclic voltammetric, fluorescence and biological analysis of purified aerug-
inosin A, a secreted red pigment of Pseudomonas aeruginosa PAO1,” Microbiology,
2013.
[50] P. M. Levine, P. Gong, R. Levicky, and K. L. Shepard, “Active CMOS sensor array for
electrochemical biomolecular detection,” Solid-State Circuits, IEEE Journal of, vol. 43,
no. 8, pp. 1859–1871, 2008.
91
[51] N. Xu, E. G. Ahuja, P. Janning, D. V. Mavrodi, L. S. Thomashow, and W. Blanken-
feldt, “Trapped intermediates in crystals of the fmn-dependent oxidase phzg provide
insight into the final steps of phenazine biosynthesis,” Acta Crystallographica Section
D, vol. 69, no. 8, pp. 1403–1413, 2013.
[52] B. T. Greenhagen, K. Shi, H. Robinson, S. Gamage, A. K. Bera, J. E. Ladner, and J. F.
Parsons, “Crystal structure of the pyocyanin biosynthetic protein PhzS,” Biochemistry,
vol. 47, no. 19, pp. 5281–5289, 2008.
[53] A. Price-Whelan, “Physiology and mechanisms of pyocyanin reduction in pseudomonas
aeruginosa,” PhD. Dissertation, 2009.
